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PREFACE

This report contains the edited transcripts of the Review of Progress in
Quantitative NDE held at the Scripps Institution of Oceanography, July 8-13, 1979.
The Review was sponsored by the Advanced Research Projects Agency and the Air
Force Materials Laboratory as a part of the Interdisciplinary Program for Quan-
titative Flaw Definition, Contract No. F33615-74-C-5180. Arrangements for the
Review were made by the Science Center, Rockwell International, host organi-
zation for the Interdisciplinary Program, and the Scripps Institution of Oceanography,
Dr. William A. Nierenberg, Director.

The format selected for this review was the same as that adopted for previous
meetings at Cornell University and at the Scripps Institution of Oceanography. This
format included a number of poster sessions in addition to the more traditional techni-
cal sessions. It has been found that the poster sessions provide a good way to
accommodate the increased activity in this field while maintaining a forum that is
highly conducive to technical interchange. As a further means of stimulating this
exchange, a number of papers were included which arF iirectly related to the
principal technical interests of ARPA/AFML program even though they were not
directly sponsored by ARPA/AFML.

The program emphasized several areas of progress in quantitative NDE. In
addition to the work in quantitative ultrasonics, which has been a main program
activity, new work in quantitative eddy current research and the methodology for
the generation of rational accept/reject criteria were reported. In all these areas,
strong emphasis is placed upon the physical interpretation of the quantitative mea-
surements and their evaluation in terms of appropriate failure models. Emphasis
is also given in the program to presentations and discussions which address
state-of-the-art knowledge related to the development of failure models for both
ceramic and metallic materials, and the difference in such models required by the
nature of the materials.

Prof. J. E. Gordon, University of Reading, England, provided an excellent
paper on structural design concepts and comments upon improved design concepts
which incorporate early awareness of NDE advances. Prof. Gordon is well
known for his humorous and witty books which compare modern design practices
with those "structures" provided by nature.

The organizers of the Review wish to acknowledge the financial support and
encouragement provided by the Advanced Research Projects Agency and the Air
Force Materials Laboratory and the technical participation of members of the
Materials Research Council. Special thanks are due to Prof. Gordon for his
overview. The organizers also wish to thank speakers, session chairmen,
authors of poster presentations, and participants who collaborated to provide
a stimulating meeting. They wish to acknowledge with thanks the assistance of
Mrs. Diane Harris who managed the organizational matters of the meeting and
who organized these Proceedings, and Mrs. Pat Apadoca for her assistance at the
meeting. They are also indebted to the management of the Scripps Institution of
Oceanography, particularly Dr. William Nierenberg and Mrs. Shirlee Long, UCSD,
for their cooperative support in the conduct of the meeting. A--'-
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INTRODUCTORY COMMENTS

D. 0. Thomoson*
Science Center, Rockwell Ir .rnational

Thousand Oaks, Calif. 01360

ABSTRACT

I'd like to take a few minutes at the outset of this meeting to welcome you to the sixth annual
review of research Progress in Quantitative NDE and to provide you with some perspective for the pro-
gram that yoL will hear and participate in this week. As you know, the review is centered upon research
work sponsored by the Defense Advanced Research Projects Agency and the Air Force (Drs. Michael Buckley
and Joseph Moyzis, Program Managers). In order to further promote technical interchange, however, we
have included related research efforts in this meeting that are sponsored by agencies other than DARPA
and the Air Force. I'll focus my remaining remarks on three topics - the DARPA/AF goals, our approach
for the attainment of those goals, and some accomplishments to date. I hope that these cormments will
provide you with a perspective of the week's program.

GOALS APPROACH

The goals of the DARPA/AF Program Quanti- I would now like to discuss with you our
tative NDE may be stated as follows: approach for the achievement of a quantitative

NDE capability. It is my hope that it will help
* To pursue advanced research in quantitative you to place in perspective the various presen-

techniques for NDE. tations that you will hear this week and to realize
that the achievement of a quantitative NDE capa-

* To establish a focal point for NDE research. bility, as defined above, represents the develop-
* To enhance communication between the research ment of an integrated scientific structure as

community and the NDE user. well as the achievement of individual research
* To improve the scientific base for NDE in results. It is indeed a 'team" effort.

selected areas. The various elements of quantitative NDE

are shown in Figure 1, and labeled on the figure.
In order to clarify and enhance the meaning of Ths is a "modular" view in which not only the
these goals, it is worthwhile to comment upon our "modular" elements of work are shown but also the
definition of NDE. Although the definition is principal directions of work flow and integration.
still in somewhat of a state of evolution, we have As noted earlier, this integration is essential
adopted an operational definition which is both to the achievement of a working NDE technology.
functional and ambitious. It is: In this figure, the three principal research

'modules" are shown in the "northwest' quadrant
"Non-destructive evaluation (NDE) represents the of the roadmap and are entitled "Quantitative
capability to assess the state of a material, a Measurement Techniques," "Probabalistic Failure
component, or a structure from a series of Models," and "Life Prediction and Quantitative
quantitative non-destructive measurements, and Decision Processes." The first of these is aimed
to predict the remaining serviceability of the at the development of quantitative inspection
item in question from these measurements and techniques, the second of these is concerned
their evaluation in the context of appropriate with the adaptation and development of failure
failure models." models that are heavily materials-oriented, and

the third is devoted to the development of tech-
I would like to call to your attention and to niques that are suitable for the combination of

emphasize one of the key differences involved in results of the first two modules into a proba-
this definition for NDE and that which is in more balistic service-life prediction. Most of the
common useage for non-destructive testing (NDT). presentations that you will hear this week re-
As noted above, NDE involves the concept of failure present building blocks that fit into one of these
prediction, i.e. the capability to predict the modules. The two boxes at the right margin of the
remaining serviceable life of the item. This figure represent the engineering outputs of this
capability can only result when quantitative approach. They represent the "tools" and the
measurements of a flaw are available - it is not a "rules" of an operating NDE Technology - i.e.
capability found in current NDT field practices, quantitative inspection hardware and probaba-
The difference between NDE and NDT as implied by listically based accept/reject criteria. Both of
this single concept is rather enormous - both in these are essential for an efficient, operating
potential benefit to the user and in the scientific NDE Technology.
content required to achieve that capability.

* Now at Ames Laboratory, Iowa State University, Ames, Iowa 50011.



Also shown on the figure are two other modes and rates. Thus, statistical represen-
entries - manaqement options and a priori know- tations are essential. Again, as with the
ledge. Manaqement options refers to choices that measurement modules, these failure models need to
'Ianaqement wishes to exercise in regard to cash/ be verified with experimental characterization and
risk tradeoffs, and which sets the "bias" on the statistical analysis of the failure itself. The
accept/reject criteria. We believe that the output of this module is incorporated into the
approach developed here represents the first time life prediction module, along with the results
that such management choices can be traced in of the first module. Again, that leads into the
detail back to fundamental materials and measure- life-prediction box.
ment knowledge, and in which cause-effect
relationships between the two can be demonstrated. Building blocks of the third research module,
Tht final box, a priori knowledge, represents the Life Prediction and Quantitative Decision Pro-
body of historical knowledge and data that may cesses, are represented in Figure 4. Individual
exist about a material or a component that can research topics in this module are devoted pri-
lso be inputted usefully into the life orediction marily to the mathematical development of appro-

capability. Details of work related to these priate probabalistic formats which must incorporate
latter modules will not be presented in this the outputs of modules I and 2 to provide prob-
program. abalistic predictions of failure. This module

must make provision also for the coupling of
Now, we found that each one of these ele- cost/risk choices and any a priori history.

ments or modules, if you will, is a subsystem
of building blocks itself, and I would like to As I noted earlier, the development of a non-
say a few words about the nature of the work that destructive evaluation capability is not a one-
is contained in the research modules, shot problem. It is, rather, a systematic and

logical system build-up which includes quanti-
In Figure 2 are shown the building blocks of tative measurements, materials performance, and a

the measurement module, that is, those steps that mathematical treatment of appropriate probaba-

we have found to be necessary in order to achieve bilitiesin order to produce a predictive NDE
a quantitative flaw characterization capability. Technology.
First of all, it is important to understand, at
least approximately, the theoretical interaction ACCOMPLISHMENTS
of the probing energy with a flaw. Besides pro-
viding an understanding of the interaction, these Although the development of a complete NDE
theories provide useful hardware design guidelines. Technology is not complete, remarkable progress
Secondly, these theories must be compared with has been made toward this goal in the relatively
experimental results both to guide the theoretical short span of the DARPA/AF program. Some of these
developments and also to verify the theoretical accomplishments will be given in this section in
developments. Having done this, then, one can order to provide you with a further perspective
use these approximate theories for inverse pro- of the meeting. Highlights that are given here
cedures which are the necessary steps that are are necessarily much abbreviated and cannot convey
used to extract quantitative flaw information the credits that are due to the individual program
from the measurements. With this information participants. Rather, they highlight the nature
various fracture-related parameters (such as of the team effort.
stress intensity factors) can then be derived.
The output of this development can then be fed A number of important advances have been made
into the life-prediction modules. in what may be called research accomplishments.

The second important module of work is that 
These include:

of the development of probabilistic failure Demonstration of all phases of a quantitative
models to go with these measurements. Building ultrasonic technology with current appli-
blocks of this module are shown in Figure 3. cations to eddy current measurements
Failure models have a generic base in fracture (Module 1).
mechanics, of course; as it turns out, however,
many materials and components have specific Demonstration of failure mode analyses for
requirements as far as the development of failure structural ceramics and initial insights of
models is concerned. These depend upon the usage analyses for metallic materials
cycle, the brittle/ductile nature of the materials (Module 2).
and so on. Thus, some specificity must be employed
in the development of useful failure models. * Demonstration of failure predictive

technology for structural ceramics
The first step of major importance in this (Module 3).

area is to identify and to prioritize these flaws
which are serious in a failure-initiating sense. * Many stand-alone spinoffs.
Of the multitudinous flaws that are possible, it
is our estimate that one needs to deal with those
which can be identified as important to the actual
field failure conditions, and to develop the
statistical failure models according to those
identified flaws. Please note these are statist-
ical in nature. At our current level of knowledge
of materials preparation and processing, all
materials exhibit a variance in their failure

2
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In addition, several important advances have
also been made in the reduction to practice of
new research results generated in the DARPA/AF
proqram. These include:

" Electromagnetic Acoustic Transducer (EMAT)
Technology

- Initiation of Albuquerque Development
Laboratory

- Air Force Cracks under Fasteners

- Army Projectiles

- Navy Sonar Domes

- Railway Inspection

- Pipeline Inspection

- EPRI Steam Generator Tubing

* DARPA Test Bed

- Integration of Research Results

- Expected Impact on Retirement for
Cause Strategies.
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I INTRODUCTION

Ih, number of accidents which are caused by the if course, much easier to predict than its strength.
existence of defects in engineering structures can In other words, if such strr'tures are sufficiently
be reduced in two ways, stiff, they will with luck be sufficiently strong.

(1) By diminishing the number and size of the One cannot really speak of the efficiency of the
defects, either by making the structure more design process with things like ships and bridges
carefully in the first place or by using better because these structures are almost never broken
inspection methods in service - or by some under controlled laboratory conditions - which is

combination of the two. perh ps as well for the reputation of their dedn, ,s
for it is reasonable to suspect that the variation

(2) By designing structures which are inherently is even greater than it is in aircraft. All we
safer that is to say less susceptible to the really know is that the number of structural filhr-e"

presence of defects. An 'ideal' structure could in ships and bridges is quite high - and may well be
be shot full Of holes and still not break. increasing. In other words it may be that we know

In fact there will always be some defects in every a good deal about the exact design of components hit
structure for no manufacturing process and no ins- far too little about putting components together to

pection procedure can be perfect. Furthermore make complicated structures.
defects will accumulate in a structure between ins- Yet, paradoxically, the very ignorance of designers

pections due to fatigue, corrosion, accidental

impacts, bad servicing, enemy action and so on. may contribute to the safety of their structures.

This paper is therefore about the philosophy of the For, if an inefficient structure reaches the i qir'
i

Tisperct str re. e au re phastoph dl wthe load on the test-frame it will have failed at its
inperfect structure. Since Nature has to deal with weakest point and it is certain that the rest of
similar problems - because no plant or animal is the structure is stronger - perhaps much stronger.
perfect - I am making no apology for using analogies Thus most of the structure is understressed, perh.aps

and examples from the new and expanding and ex,'iting grossly so. Now the length of a critical (riftith
discipline of biomechanics. That is to say from tie defect varies as the reciprocal of the ,ire ir m te
science of the mechanical strength of living stress and so, over large areas, we can perhaps put

structures. up with quite serious defects - we are really oni v
First of all I am going to stick my neck out and say seriously concerned with faults in certain criti,-il
that we know almost nothing about designing regions of the structure. Although we may not know
structures. Of course there are hundreds of text- which these regions are, yet statistic;' are, s,, to
books on the subject and people like me give the speak, on our side. The more nearly we appro,-hc
Lord knows how many lectures about the properties the ideal of a uniformly stressed structure - the
ot materials and about the strength of what we 'one-hoss shay' in fact - the more danl-erolts t ,.
choose to call 'structures'. But I think that wat situation becomes. Because the one-hss shay is
w.--,d thetext-books - are really teaching is not the aim for which all designers are striving alnd
so much the design of structures as the design of because in this computer age there is some d.unei
components. Analytical engineers are enormously that they might reach it, it seems to me very
clever about this and, very often, they can predict necessary to consider the problem o reducinyT the

the strength of comparatively simple components vulnerability of the structure to unavoidablt
within a few percent. In the universities, of defects.
course, such problems furnish heaven-sent exami-

nation questions containing lots of lovely iicy 2. STRUCTURES AS 'SYSTEMS'
mathematics. Contrariwise, 'design' is difficult
to teach and still more difficult to examine. Tile fact that complicated structures are niatit iil ,I
But real structures - aircraft, bridges, ships and components whose interaction is difticult t,. pre-

uto real cotsist oes- aircrbafto bridgensts anh dict naturally leads (is to look at structnrcs as
si' in - consist of assemblages of components which 'systems'. For one thing 'systems approaches' ire
interact with each other in very complicated ways: very fashionable just now, understandably so, snce
too complicated, very often, for the designer to ve ashioablehjustn ode

predict with any approach to accuracy. Arid, in1 fact rins iras smetm ehen non-structural appli-

designers are not very good at it. Looking at tie

question historically - I am speaking of England, But such an approach to the desi gn of structures
but I doubt if the situation was much different in raises a number of problems. The text-book case (11
America - airframes designed by the most eminent a 'sufficient' structure provides perhaps the simp-
designers and stressed by the most experienced teams lest example if a structural 'system'. It is equi-
,,f stress"en have failed initially on the test- valent to a chain with a number of links in series

trtme at loads which have varied, quite randomly, where we can hope to know both the mean and the
between rather less than 507 rin] rather over 1507 standard deviation if tire strength ii each link -
i tire fully tactored load. This represents a from which, no doubt, the probability i f failure of

lactor if ignorance or mis-design if something over the whole chain can be calculated. As this will he
i.r. I sometimes think that what keeps aeroplanes markedly worse than that of any individual comlsrnent

in tre air is not the skill if the designers bt in the system there is a stronrg motive to make the
the tact that, to a considerable extent, airframes struiture redundant - that is to introdu'ce several

ire 1csigned to stilfiess rather than to strength componcnts or elements in parallel. .'e w.ilt t, it
riteria - ail the stillness it .i struutiire is, both ,a lic t ind suspenders - ind perhaps pic('es ,I

string us wcll - fbr sturclv thi will lc s.tur.'



ith rl iahi I ity of analogous systems in electrical
or hVdr.IUl ic circuitry (about which 1 know nothing
whatever) may or may not he calculable, but it setins

t....e that the difficulties which arise in calCuld-
tiig the behaviour of a redundant stri'tural'cirrtit'
are very great. For a start we have the fact,

which is well-known to engineers, that redundancy in
a Liucture can, in some cases, be very dangerous.

For, if the load distribution in the system is such
that one link can be pushed beyond its yield-point
while the system as a whole is still within its
working range, then, when the load is reduced, this
stretched component may be strained back plastically (a) Elements joined bi Elements isolated
in the reverse direction by reason of the elastic (eg contnusus materal) leg a ropel
forces of recovery which are stored in the system. Crack propogates Crack is stopped
Thus high-strain, low-cycle fatigue may be induced
in a very short time. I have seen a pressure vessel
which failed in this way after only an hour or two
in service - as a consequence a man was killed by Figure 2: Effect of 'communication' between
boiling oil. parts of a structure

This is what commonly happens in ropes and it is
what we do in modern suspension bridges. In the
older suspension bridges the cables consisted of

P !t Chains with simple plate links made from wrought
"s% . iron or mild steel; both of which had a high work

of fracture but were consequently quite weak. But
in modern bridges the cables are made from many

alnia o, .',, q thousands of strands or elements of high tensile
steel wire which is very strong but also very brttle.
The whole safety of the bridge depends upon the

. N fact that there is virtually no shear connection
between the various wires. If one wire breaks its
strain energy is released but there is no path by
which this released energy can reach the other ittact

(wires and so cause them to break - and so Saint
J.,i, brIe fy ht, / Griffith is frustrated. (Also see Cook & Gordon,

1964, ref. 1). But, if the wires were connected to

each other in shear by solder or glue the bridge

might become very dangerous; almost as dangerous as
Figure I: The danger of a redundant structure if the cable were made from a single solid rod of

brittle steel - or indeed of glass.
3. FRA(TI'RF HWi'L'ANCS IG .\l'q'T COIUIlNI CATI ON
- wT!.; N U FI P,'ITCi 1F .\ STRCT"RF - It is the lack of cormunication between the elementsor components of the bridge which enables brittle

uit in reality all structures are redundant, if high-tensile steel to be used in place of weak, but
buttogh inl rtee I- wiy ai ver gra inrts ritiaerdndni

only because every material contains millions of tough, mild steel - with a very great increase in
interatomic bonds a great many of which act in safety and a very great reduction in weight and
pralel, IIvI. r, it we like, we can consider a con- cost. Thus we can build, with confidence, bridges

tinoUOs material, like a metal, as being made up of from 'dangerous' materials which are around ten

many parallel elements or strips. As we al know, times as long as those which can be built fromwhat

when a crack starts in a material, the strain energy engineers consider to be 'safe' mlaterials.

which is released when one bond or one element At the other end of the scale, if you like, we have
breaks is supposed to make its way to the fracture monocoque or plate construction which, of course,
zone where it provides the 'work of fracture', that is particularly fashionable for aircraft and ships.
is the energy which is needed if the breaking pro- Such metal plates might be considered as an infuinitdy
cess is to be able to continue. This is the redundant system of strips or elements which are
GriI i tlhor 'domino', or 'one thing leads to connected to each other by means of a shear modulus
another' theory of fracture. - by virtue of which strain energy can be transcittid

In modern engineering structures the accepted way of from one element to the next. And, as we ill knew,

preventing things from breaking is to use a material monocoques tear quite easily - in fact much t..

with a high work of fracture - hence the use of easily.

ductile metals like mild steel. But, of course, Various intermediate systems can, of course, be
this approach almost rules out the use of really made; space-frames tor instanee. During tie war
strong materials because they are nearly always Sir Barnes Wallace's 'geodetic' or lattice con-
brittle. Another way of ensuring safety is possi.by struction - used in tlie Wellington bomber ,ad
simpler; it is to prevent the released strain ot her aircraft - proved to hi exceptionally itesis-
energy from getting access to the fracture zone. t ent to damage by 'I I ik' . And, many years ag,,,
In other words to interrupt or to control the American battleships were fitted with lattice rn.1ts

elastir comiunication between the appropriate parts - which were supposed to le itiucerit ly inuhest n tibl e
of the system. by shel I-f ire. But we cannot entirely escape Irom

I.riffith simply by turning a continuiois matel i.11

L ..........



into a netwo'rk or lattice. 'fie problem of
'volnferabil Iity' is not so much a quest ion of whet her

we use a monocoque or at space-frame as a quest ion ot
defining and controlling the degree of elastic
intercommunicat ion between the various parts of tilt
stracture; whether these parts consist of geometri-
sally discrete members, hypothetical strip-like
elements in a continuous solid, or interatomic lsncs Al
Thus, in a 'systems approach' to the safety of
structures we shall have to be able to:

(1) Model the elastic interaction which exists
betweenl the varicoos units or comnponents in the
system.

k2~) Decide what we really mean by a 'unit' or
'compottent' in the system. is a single sli'et ssfrjp

aluminium, for instance, to be regarded aIS one--
sii~gle unit or element or as many? I f so, hiow
many? I do not see that there can be a rigoro1uiue :f.t, ~tr
solution to this problem above the atomic or Fgr , lMS Vcoy
molecular level - but can we approximate, and fIn compression 'totally isolated systems' ark.
i t so, how? generally impracticable - because of Dr. -ll er.

InI fact I do not think that the fracture mechanics
of networks has ever been tackled at all seriously.
It is clearly very important; but it is also clualy

an exceptionally difficult job.

4.PRACTICAL 'SAFE SYSTEMS' IN ENGINEERING AND IN El
4.1. 'Lni-directional' systems

The principle of 'isolating' the elements of a
st ructure, that is, making them act independent ly, .,Its'ss ls~ t'pes~ esq,g s'

is perhaps most easily appl ied in unii-axial tensin '1"'ecl ale,,'~~

inl technology in ropes and suspension bridges. ~ ~ d5s~Y0ss.ss'g5

Nature uses this principle in exactly the same way
aIs the, bnidl-bsildeTS Whe" she makes a tendon, Figure 5: In compression some 'communicat ion' is neelA

/ As a rule lateral conmmunication between the members
(e.g. cross-bracing) is ecessary in compression
structures. Nature uses a 'weak interface' imethod
to ensure the toughness and safety oif wood - but it
gets Nature intn very considerable cnmpl icat ions -
though in the end Nature wins, hands down. (Cook &
G;ordon, ref. 1, Jeronimidis & Gordon, ref. 2,
ditto, ref. 3). Most fibrous compression systems
are provided with 'weak interfaces' and, when we are
dealing with weak interfaces we have to distinguish
clearly between the strength and the stiffness of
the interface,

t
Figure 3

will he seen thait, not o~nl y is the middle part1
oI thet t endon co'nst it uted from many parallel grands
,Iolli igen fibre, which are- very easily spi it tip
,r s-pairited - so thait there is little or no
li1teral1 elaqt ic comuni,-.it ion - btit that the end4 4
Itiil ihme,gi irs- %ihfu ivisfed andi mo t ipl led in such a Ael 1, 1 -

waov tt sit the tii ire oi inv -mit joiint is nost cat a- ;I, -i5 55 5

.tipss- thfissugi it is, proshabiv', piir-possiv, pa in-'-
ti? . .'.ituirc llot there first, bggt fhe use Mg tlcsf It. . ,.

'lV ic's ill Ir' fl ify s %(cry I'll' Ns'1 si figs f'ern
,I) cx. otvtice for aI gig) t i (it i. roiv fillb

tistu tss t riss tssgei 'er) iii?. iil .1 msore ss'pfii- Fig ure ii: Iffect oif 'we. igitert.1is
ots.iafi,, this ap pro Isl t" qat ity gas bergs, imtdominciit

-- 1? lor thlt maii sfsrsssss 11 saiinc ships -it 1ii-s1iitdiimsnea o
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I do not know how this is to be modelled, winding a kind of ball from high-tensile steel tape,

When we come to bending the problem is simpler and the strips being only loosely ,onnected to each

.total isolation' of the elements is often benefi- other. This was a very clever piece of design

cial. This of course, is what we do when we make a which is worthy of imitation.

tiled roof (might it be an interesting exercise for And Nature does much the same thing when she wants
the neophyte to calculate the best size of a roof- to provide 'rigid' shells; for instance in the

tile on 'structural-systematic' principles?), cuticle of beetles which are made from crossed
It is also what we do with the decking of simple layers of chitin fibres, rather badly stuck tcgether
wooden bridges, by means of a resin-like substance called sclerotin.

7The shells of shellfish, such as oysters, consist

of brittle layers of mineral material separated b,

weak interfaces.

5. SYSTEMS WITH NON-LINEAR INTERC(OMUNICATi]ON

So far we have dealt with systems where the inter-

cormunication between the parts or elements of the
structure is,

Ordinary slatted decking of simple wooden bridges (a) Linear or Hookean - as in modern metal stnctires.

is example of 'isolated' structure in bending If one As wc have sien such systems are particularly

plank breaks hittle harm is done and damage may vulnerable and form the foundation of the
classical Griffith theory of fracture.not spread

Figure 7 (b) Systems where the components are almost totally
isolated - as with traditional ropes, the

The aerodynamic surfaces of birds are not cons- cables of modern suspension bridges, natural

tructed from aluminium plates but from many canti- tendons and so on. Such a system completely
frustrates Griffith and is generally very safe

levers made from keratin - in other words feathers. inde but fit is tni ra le

Both the individual barbs on the feathers and also indeed, but it is often impracticable.

the feathers themselves are only connected to each (c) Systems containing 'weak interfaces': that is
other laterally in the weakest possible way. Thus interfaces where the components are 'rigidly'

the spread of damage is almost wholly prevented and attached to each other initially, but the
it is quite conon to see birds flying about with adhesion Iails at a low load. These occur in
one or more feathers missing. No doubt the air timnhi , in tei'th and in modern artificial

safety authorities would be horrified. fible composites.

The isolation of the individual feathers goes a But none of these systems may be very suitable when
long way to account for the effectiveness of what is wanted is a continuous, highly extensible

feathers as armour - both on birds and on Japanese membrane which may have to be watertight or gas-
warriors. Until the late 1930s the hardened steel tight.
armour with which the sides of battleships were

protected was mounted on the ship's side rather 5.1 Natural membranes with non-linear cormuni-
like tiles on a roof. Intentionally, there was cation systems

little or no structural connection between the
plates. This latter requirement is particularly common in

animal membranes where, as usual, Nature has at
4.2 Multi-dimensional fibrous systems least one very clever trick up her sleeve. Anyone

who has ever tried to gut a rabbit with a blunt
The problem of isolating the members or units or knife will be aware that skin and stomach memhranes
cords ot a structure is clearly easiest when the and artery walls are curiously difficult to tear -

applied load is unidirectional - but very freqiertly yet there is no question of any weak interfaces

this is not the case. Often we have to provide a in them. Furthermore, if you stick a pin into a
sheet or membrane of one kind or another which has blown-up rubber balloon it will burst with a loud
to sustain, with safety, loads coming from at least pop. If you stick a fish-hook into a worm or a

two directions. For certain applications cloth is hypodermic needle into a distended human bladder

extremely effective. For important engineering nothing of the sort will happen. There will
uses like sails and the covering of airships - certainly not be the sort of explosion which

where it is essential to avoid tearing or splitting occurred when the fuselages of three Comet aircraft
- cloth provides the only satisfactory solution, disintegrated in 1954.
One can hardly think of a worse or more dangerous In the Biomechanics Group it Reading University our
sail than one made from metal foil or sheet.
Furthermore, it will be remembered that the loss first reaction when we became aware of the tough-

ot the RIOI airship in 1931 was due to the improper ness of animal membranes was to suppose that the

doping of the cuvering fabric, work of fracture of these tissues must be very

high. But it is not especially so. My cil league,
Where the stiffness requirements are more severe Peter Purslow, has recently measured the work of
the problem heromeq more difficult - this is what fracture of a considerable number of animal mem-
>,mposites made with glass or boron or carbon branes; it is usually between It

3 
and 104 .foules/

fibres are about. The design of these materials m
2
. This is perhaps an order of magnitude below

is a very sophisticated business. But the same the value for aluminium foil which, in comparable

principles, oi course, can be applied to metal-. thicknesses, tears very easily indeed.
I remember that oue of the large spherical p'us ,irc Wher, rat skin, or worm cuticle, or human arteri.s
vessels in the German V2 rocket was made by differ from metal sheet - or for that matter from



uItbhh.r - is not so 'mici in the work ot Ira, ture as beings is an exception - we do lot underst.ind why.
jl tit" shape 1l the btress-slrain curve, I understand that, as a cause of death, it is

virtually confined to human beings living in sophi-
sticated countries).

'UO11 dl' Sd'01 I4 E. 1re 1

5.2 Traditional artificial structural systems with
non-l inear intercommunicat ion

Modern engineers are very apt to look down on tr.mi-
tional artificial structures such as wooden ships
fastened with treenails or carts or buggies which
are more or less pegged together. These structures

',Ot MS creaked and groaned - and wooden ships leaked and
leaked - but they practically never disintegrated
quite suddenly and without warning like the one-loss

Ctra~n E shay or modern monocoque aircraft or welded steel
tankers. In fact, according to their lights, these

N 10 T ALF despised traditional structures were very safe.
When they did finally disintegrate, it was nearly

Figure 8 always the last stage of a long process of attr i ion.
And they gave ample warning.

Egg membranes and amniotic membranes are excep-
tions. They have an almost fookean stress-strain The safety of these structures depended, paradoxi -
curve, much like a metal, and they tear quite cally upon the wobbliness of their joints. A
easily, as they are meant to. pegged or lashed or sewn joint has a shear stiffness

which is non-linear, something like figure 9.
But, as far as I know, virtually all tough natural
membranes have the i-shaped stress-strain curve
indicated in figure 8. This type of curve has two
tonsequences, 1 think. In the first place it
diminishes the amount of strain energy which can
be stored in the material at moderate stresses;
more importantly, it limits the elastic shear com-
munication which can take place between the vackous
elements or parts of the material. Wobbly pegged ot lashed 1ont

In a fracture situation we have to remember that, 49 Wooden stip fastened
a lthough the stress is h igh a t the stress- he a , :% non l,,ea
concentration, that is at the point of fracture, Sr,.,i O0miiar o n r
it is very much lower throughout most of the
material. The strain energy which is released to
cause fracture is in fact, so to speak, low-grade Figure 9
strain energy, coming from comparatively lightly This is very much like the shear stiffness of a
stressed regions. In predicting fracture therefore natural membrane. Thus a wooden ship, for instance,
we are mostly concerned with the bottsmm rather consists of a system of planks and ribs which arethan the top part of the stress-strain curve. But, stiff and tookean in themselves but are connected
in many animal tissues, the bottom part of the to each other by non-linear shear connections.
stress-strain curve is almost horizontal and so The result is a very tough (though leaky) structure
the shear modulus at low stresses will be very low. and this is no doubt one reason why the world could
In fact, in this region, the material will behave be explored by incredibly brave men sailing what
rather like the surface of a liquid, which has appear to the modern engineer to be incredibly trail
surface tension but no shear modulus. In these ships. But, if the joints of ships like the Santa
conditions it will be difficult to transport Maria had not been wobbly America might not have
strain energy from one part of the tissue to the been discovered until much later.
next - so the material will be difficult to tear.
Artificial knitted fabrics have the same sort of 6. CONCLUSIONS
stress-strain curves as animal tissues (which is
why they fit the human body) - they also are very I think it is fair to say that we do not really
difficult to tear. understand how to design 'efficient' structures:

Conversely, unreinforced rubber has a high shear still less do we know how to minimise the on-
modulus at low stresses; thus intercommunication sequences of defects in a structure. It seems t"

me that there is a good case for doing some sort (I
between the elements of a rubber sheet are good systems analysis' but,
and so the rubber is easily torn - even though its
work of fracture is high. (1) It will be difficult to decide what the com-

In the wild, most animals live more difficult lives ponents or elements of the system consist ot.
than do most engineering structures. They are (2) It will be essential to model with accuracy thc
continually acquiring wounds, scratches, SOles, 'elast ic communicit im' between the ei lem'nts it,
ulcers and all sorts of defects which no aircra!t tile system - for this is at the root of the
inspector would d:elm of passing. Of course wild whole question of me'hanila? fai lure.
animals die for alI sorts of reasons, but they
seldom die because dangerous cracks and tears wdging by ni alo y wi t tad it iona I st ruct ures ,intwith animals a lairly high le('rel, ot sub-division
spread from defects in their soft membranes.

will be berefi tial. Further ret it I .s . , ,(The' hurst inl,, if erebralI ancirysms in humanth uh heeril i-v vc ua id nals n



safety from introducing a non-linear - that is a creatures want a smooth surface they get it by
non-Hookean - connection between the parts of a padding themselves out with soft tissue or by blow-

structure. No engineer, certainly no inspector, ing themselves up like a motor-tyre.

could be brought to accept loose or 'wobbly'
joints - but is there a case for considering the When Nature wants a more rigid animal she has,

design of engineering joints with a non-linear res- of course, to provide a bony framework - that is a

ponse to load? Can all this be explored on the skeleton - which is, to some extent, vulnerable.
computer? It is noticeable that one of the penalties which

animals seem to have to pay for this engineering
I am acutely aware that most of what I have said is convenience of brittle bones is an enhanced sense

highly heretical and will perhaps arouse the of pain - which has, of course, a protective func-
strongest emotions in many of those present. But tion.

let us think for a moment about the conventional

engineer's ideal of a respectable modern structure. It can be argued that many engineering structures
Broadly speaking this tends to the one-hoss shay are designed to pretty exacting stiffness require-

and very often to some kind of shell or monocoque. ments. If we are enabled to reduce the amount of
It is true that mathematical analysis often reveals structural material - such as steel - which is

that such structures are lighter and cheaper than needed to provide strength and safety, then we may

what the engineer might consider as Heath-Robinson not be able to provide the necessary stiffness.

solutions. But a high proportion of the accidents Since it is much easier to increase the strength
in the world are caused by mathematicians - not than the stiffness of an engineering material this

because their mathematics are wrong but because may be a valid objection in some cases.
their assumptions are. What the sums about modern However, since animals, whether soft or vertebrate,
structures do nottake into account is the inter- seldom seem to have to provide much stiffness there
dependence between that unholy trinity, the may be valid biomechanical ways round this difficulty
structure, the material and the defects. - but that is another story.

Let us consider the penalties which we incur when
we commit ourselves to a conventional modern shell

structure made, for instance, from steel. Because
of the danger from cracks - that is for reasons of
fracture mechanics - we rightly insist on a high

work of fracture. In other words we have to use a

ductile mild steel. But such a steel is limited to
a strength which is probably not much above

60,000 p.s.i. (400 MN/m
2
) which is about one eighth .

of the strength of the highest tensile steel and not 6
much over one hundredth of the theoretical strength
of iron. But, even so, we do not dare to stress -e,

the steel ina large structure to anything like -
60,000 p.s.i.; in many cases we probably put a

stress-factor of five into our calculations, ending
up with a nominal working stress of possibly f
12,000 p.s.i. Even so, such structures often break.

What we may hope to do by re-designing our struc-
tures on what we might call 'biological' lines is
to be able to make profitable use of stronger but

more brittle materials while, at the same time, -.

reducing the vulnerability of the structure to
defects - thus possibly working without danger at
a lower factor of safety with a consequent reduc-

tion in weight and cost. Bridge-builders are
conservative folk but even they stress their sus-
pension wires to about 85,000 p.s.i. which is about A
seven times the stress in steel shell structures. "

We do not know very much about the factors of

safety in animals but, in the few cases in which we
can calculate them, they seem to be very low. In

one instance, a colleague tells me, about 1.2.

Thus, even if the materials used by the animal .
were worse, specifically, than the materials of the , ',, ,, .

engineer there is a good chance that the animal's

structure will be lighter with regard to the

service which it has to perform than the engineer's Figure 10

structure. But it must be remembered that many I. COOK, J. & J.E. CORDON (1964). A mechanism
animals also incorporate load-limiting devices of for the control of crack propagation in
one kind or another. all-brittle systems. Proc. Roy. Soc.

In fact my respectable friend the worm (with whom A282, 508

I include a great host of soft and wriggly animals) 2. GORDON, J. E. & G. JERONIMIDIS (1974). Work ot
possesses a geodetic structure consisting of a fracture of natural cellulose. Nature,

lattice or network of collagen fibres covered by a bond., 252, 116.

continuous skin or membrane whose principle virtue 3. GORDON, J. E. & G. JERONIMIDIS (1978).

is that it does not obey Hooke's law. When such Composites with high work of fracture.

Phil. Trans. Roy. Soc. bond. (in press).
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SUMIMARY DISCUSSION
(J. E. Gordon)

Don Thompson (Science Center), Thank you, Irofessor Gordon. We have time for a few
questions.

Frank Kelley (University of Akron): I wonder if the principles you have mentioned about
the nonlinear sheer coupling have been applied successfully in composite struc-
tures of filamentary reinforcement module structures in terms of the interaction
between the matrix and the fibers. That is, has anyc-" deliberately put in any
connection in order to achieve the results which you suggest through biological
membrane?

Irofessor Gordon, As far as I know, no, but they're only looking at biologic soft
tissues on this model. That is to say, in soft tissue, such as an artery wall,
there is a very complicated morphology which I think is influencing this area.
I haven't time now to talk about some interesting diagrams that can be used to
help interpret this cycle, but I don't think it's used in traditional, respec-
table aerospace circles.

laul ;ammell (Jet Iropulsion lab): How do your composite materials compare with the
biological as far as the stress-strains, as far as getting closer to the ulti-
mate tolerances?

Frofessor ;ordon: Well, of course, you better talk to the aircraft structures people.
The short answer is, I don't know, but I think we all tend to run composite
structures at lower design stresses, perhaps, than metal ones. ferhaps
justifiably. If you look at the sort of composite you get in (inaudible) I
believe they are now illegal in this country because it was too low. It isn't
because you can't make it with (inaudible) I mean, I have seen a plastic sports
car that we have now driven into a lamppost which was no bigger than about that.
I mean, it's not so much can you do it as will you do it. But I may be wrong
about all this.

Dave Kaelble (Science Center), In cases of biological membrane, I would presume the
uncoiling of the individual protein chain may be a factor in the stiffening, and
it seems to me nonessentially difficult to translate this into a very normal
composite-type response, to put the limits on sheer stress transmission.

Irofessor Gordon: I'm sure it is. Whether you need to do this in a material, I'm
not sure because I think the moral is that although the components are more or
less (inaudible) against the wood, the communication between is highly
(inaudible). I'm not suggesting we should try to get aircraft inspectors to
pass wobbly joints. (Inaudible) sources of the assembled intellects of the
computer to design communication of joints which are in fact not linear. Con-
ceivably a rubbery glue is a sort of example of this. And of course you get
into some extent the sort of woven sticking plaster you put on your cut finger.
Incidentally, a thing we ought to go back and look at is skin. This is made
from (inaudible) but it was used in enormous quantities in airships as a lining
for gas tanks. And it has quite exceptional resistance to hydrogen and helium
combined with extraordinary high resistance to tear (inaudible). But this
happened 50 years ago, and nobody seems to know anything about it. But it
might be worth having a look at.
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ABSTRACT

The objectives of this work are to develop an electromagnetic scattering model that can be used to
predict the scattering from a crack in a conducting surface ani to evaluate the feasibility of usiig this
model in conjunction with microwave-measurement techniques to determine the dimensions of such a crack.
Such a theory has been developed, and its derivation is presented. Theory and experiment are compared for
rectangular slots measured at 100 GHz, and the agreement is found to be good. The necessary measurement
protocol for determining the dimensions of a crack is discussed, and an example of inverting the measured
data to determine the dimensions of a rectangular slot is presented.

INTRODUCTION

In the low-frequency eddy-current testing of than 1 "m at 100 Utz), microwave eddy-current tech-
metals, currents are caused to flow in a test spec- niques are limited in metals to surface inspection,
imen by placing it in the magnetic field of an e.g., to detection and characterization of surface-
induction coil. The flow of currents is affected breaking cracks.
by the electrical properties and shape of the test
specimen, and by the presence of discontinuities In order to invert the measured microwave eddy-
and defects. In turn, these currents react on the current data to obtain crack dimensions, it is
exciting coil and affect its impedance. Thus, the necessary to have a theoretical model that relates
presence of a defect is determined by monitoring the electromagnetic scattering from a crack to the
the test coil impedance. crack dimensions. The requisite theory should be

variational so that approximate solutions for ir-
Such eddy-current tests are typically conducted regular crack geometries can be obtained. In addi-

at frequencies of less than 1 MHz where induction tion, the theory should not be restricted to any
fields predominate and the electromagnetic wave- particular frequency range so it can be used to
length is greater than 300 m. However, in ouanti- clarify any distinctions between conventinal (low-
tative NDE, where it is desired to obtain the defect frequency) and microwave (high-frequency) eddy-
dimensions from an analysis of the measured data, current techniques. Finally, such a model would be
the use of such low frequencies does not provide useful for establishing an optimum measurement
the degree of sensitivity to changes in defect di- protocol.
mensions that is necessary for obtaining an accurate
determination of these dimensions from an inversion A suitable general theory has been develolped,
of the eddy-current data. The problem of obtaining and its derivation is outlined below. Then, a, an
sufficient accuracy becomes more difficult as the example, the theory is applied to cross-polarized
flaws of interest become smaller. backscattering of a plane wave from a rectangular

slot in an aluminum plate, and the measurement
This problem would be alleviated if higher protocol necessary to determine the slot diniension

frequencies were to be used in eddy-current inspec- is discussed. The results of this theoretical
tion. Thus, the work reported here addresses the example are compared with experimental results
possibility of conducting eddy-current measurements obtained at 100 GHz and are f. und to be in iood
in the microwave;frequency regime (I GHz to 100 GHz). agreement. Finally, graphical inversiUn o the
Previous work', using frequencies in the range theoretical electromagnetic scattering from the .lot
10 (Hz to 30 [Hz has shown that good sensitivity to is performed to illustrate the process of ottairin,
small cracks can be obtained, and that there is a the slot dimensions from the measured data.
clear correlation between crack depth and the de-
tected signal. A THEORETICAL MODEL FOR FLECTROMAGNF71(

SCATTERING FROM StiRFACL-BREA ING LRAChS
In usinq microwave frequencies, the radiation IN -METALS

fields associated with the sensors become an impor-
tant consideration, and the physics involved is best A general electromagnetic scatteri nq-vieasureictt
described in terms of fields and waves. For example, system is shown schematicallv in Fig. 1, whi(h 11-
a defect should be thouqht of as produ inq a change lustrates the general h istatic case where the trarO-
in the scatterino of electromatinetic waves from the mitter and receiver are separated. The probes art,
metal surface. It should also be noted that, since irbitrary, hut it is asumed that a inole ele tr-
the use of microwave freluencics causes the currents magnetic mode propa(lates at some point in the trlaln-
Induced ig the test otbject to fl.,5 essentiallv on mission line(s, [wavequide(sl that conet1 the
the surface (i.e.. the skin depth is tYpic,al lv less prohe(s) t-. the transmitter and re(civer, t I,,

also assumed that the metal shield and tet btody
exhibit filvite col rductivitv.

Referenc-e a-re llted at the end of the -a pr. The ;tartiwl point of the theo, I hr.
e'e ri-1 r It, thi l il, iv hilh i nvol o" ,, 111tv',Ill
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S., VE wIDE " S tial. Third, since single modes are assumed to
propagate in the transmission lines, it can be shown'

w-, that the integrals over the transmission-line cross
sections reduce to the following form:
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-4P Aa (Sa)
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S
C RAc : b

where P is the power available from the transmitter
" , and s' the reflection coefficient of the propa-

gating mode in the transmission line. Finally, the
unknown electric field in the crack mouth caq be

---- --....- expressed as a fictitious magnetic current, M', viz.,
FIGURE I GENERAL ELECTROMAGNETIC

SCATTERING-MEASUREMENT SYSTEM M' '= n , E' (6)

Cy using Eqs. (2), (4), (5), and (6), one can
over the closed surface, S, equal to Sa + Sb + SB + convert Eq. (1) into the following form:
Sc 4 S.. If there are no sources enclosed within
the volume defined by S, the theorem takes the fol- 4PA(1'V-' a ) -Zs ff(H • H) dS + ff(M' • H) dS
lowing form: Sc Sc

ff( -4 - ' ,i) ndS =0 (1)
S (7)

where n is a unit vector that points (utwarl from Equation (7) exrresses the difference between the
the enclosed volume. The quantities E and H are the scattering coefficients measured with probes "a" and
electric and magnetic fields, respectively, that "b" in terms of fields that exist in the crack mouth
exist on the surface S. The unprimed and primed when it is either open or covered by a conductor
fields are defined by the following conditions: having surface impedance ZS. Hence, to relate this

theoretical result to an experimental measurement,
* ?nprimed field--no crack is present, "a" is the measurement system must be capable of measuring
a receiver, "b" is a transmitter. this difference in scattering coefficients.

Primed field--a crack is present, "a" is a In conventional eddy-current systems, one
transmitter, "b" i- a receiver. usually measures the change in impedance, Z'-Z, of a

In addition, if gyromagnetic media exist within the probe as it passes over a crack, rather than the

closed volume, all dc magnetic fields within the change in scattering coefficient. In the monostatic

volume must be reversed in the two cases.' case, the distinction between "a" and "b" disappears,
and one finds from transmission-line theory that the

The evaluation of the surface integral in Eq. change in scattering coefficient and the change in

(1) requires a knowledge of the fields on the various impedance are related by
parts of the surface S. First, on all the metal 4PA  I" (Z'-Z)
surfaces the tangential electric field can be related
to the surface maqnetic field by means of a surface
impedance, Zs: where I and I' are the total currents flowing in the

transmission line without and with a crack present,

It -ZS (n I ) (2) respectively. However, the scattering coefficients
will be retained in the Present development because

,or the plane waves Z is related to the skin depth, they are more fundamental to a wave analysis.

by the well-known formula Equation (7) is a linear integral equation that

relates the unknown reflection coefficient. , to
-+j the unknown tangential magnetic field, H ' and

s '.+J ( magnetic 3);'rent, t.', in the crack Touth. The

quantity H is the magnetic field that exists on the
were - the coidsctiVity Of the metal. Second, surface of the metal test object in the absence of
,t the hkorface at infinity one has the following a crack. One way of solving this equation is to use
r-,it rc a condition the method of moments.' Such a solution possesses

the variational characteristics that are desired.
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tr he imoment-method solqtion, one expands H1' at •)(aw • I;') dS
a set of basis functions, "'n: a

F F
FLFCO o ( )

V (9 i) dSI, : vn 1n (S f ( t
1 S

n=1 C (14h)

The only conditions on the Mn are that they be !f( d
linearly independent, and that their superposition C

approximate M' 'reasonably well" (herein lies the
'art" in the method of moments). One also needs to ffHr ( n I dS
invoke the condition that the tangential magnetic S t n

field be c(,utinuous across the crack mouth; i.e., yr (14c)

H 1i + r i= (-M') (10) )v ) d

t t t t c

where H
1 

is the incident magnetic field, H (') is yr m H () dS (14d)
the indIced magnetic field just outside the crack mn c
mouth, and 11c (A') is the indyced magnetic field
just inside the cra~k mouth. Hc is afunction of yC AdS (le)
-M' rather than of M' because o the equivalence mn m (
principle.' Also, because the Ht operators are c
linear, Eq. (9) can be substituted into Eq. (10) to
give the result Hf(cq dS

N N Cm _ and (14f)
V r 

mc. II !j

V n) + E V H = -H (1 VS) m
M  

)(a fl t ~dS
n l n=l c

Ncxt, one chooses a set of testing functions, Wm , f(Mn •H) dS
that are similar (but not necessarily equal) to the C A - c (14g)
Mn. By taking the dot product of each Wm with n S -

Eq. (11) and integrating that product over the crack Sf(aM .) (aW • )dS
mouth, one obtains the following result: Sc

N Here aM and a are unit vectors pointing along M

Vn Wm 4 ( dS and W, respecively.

n__ S. Equation (13) applies to all electromagnetic

eddy-current measurements of cracks. At this stage,
N no restrictions have been made on the operating

+ ff V ' c (Mn)dS frequency or the distance between the probe(s) and

Vn.. , n m At (Mn the sample. The first term in the equation--i.e.,
n=l Sc the one involving Zs--can be interpreted as the

change in scattering caused by removing a small

volume (the crack) of metal that has finite conduc-

= -J 
1
m • dS (12) tivity. The second term can be interpreted as the

Sc  change in scattering caused by energy being storedin the crack and being reradiated. The coefficient

T'iis, Eq. (10) has been converted into a set of FLFFCO contains the effects of changing the distance

scalar inhomoeneous linear equations, which thus between the probe and the sample surface (lift off),
and of the crack orientation. At low frequencies,

can he solved for the unknown coefficients, Vn.  one finds that the finite-conductivity term domi-

The result of eliminating the Vn in Eq. (9) and nates; at high frequencies, where the crack becomes
resonant, the effects of energy storage become

substituting the result into Eq. (7) is best expres- predominant. Thus, the theory provides a clear
sed in matrix form: distinction between conventional and microwave

' - F L zeddy-current techniqgres.

L - zs Ic AN EXA.HPLE

To illustrate how Eq. (13) can be evaluated

+ in a specific case, consider the simple cas( of
Yr + Y c ] perpendicular plane-wave excitation of a recta,,-

gular slot cut in a perfectlv-conducting plane.
-1 oi- (ll Tie geometry of such d slot is shown in Fiq. 2.

l + CA-sLminq the receiver is cro,,s-polarized t, the
transmitter. - A and Eq. )l3) becomes

- r t r ?., "l e d c o e f f ic i e n t s a n d ila t r i e ltt tr,, a

are (iver tV



Fco = sin 2 (b)

C1 = /2 tan . -- sin 2 ( .a and (1,)
kylab 4

11 9d

Here, the quantity CIC is a slot coupling factor

>that gives the frequency dependence of the coupling

X< b between the slot and the incident field. The normal-
ized slot admittance, 1oYs is a slot parameter that

a is independent of the excitation. It is important to

d note that Y is the sum of a radiation admittance,

Yr, that depends on the boundary conditions external
to the slot, and a cavity admittance, Yc, that depends

METAL on the geometry inside the slot. Thus, if the
SURFACE geometry of the slot cavity changes, but not the
(z 

= 
0) geometry of the slot mouth, only the cavity admittance

needs to be recalculated.

FIGURE 2 RECTANGULAR SLOT GEOMETRY To calculate the cavity admittance for a rect-

angular slot, one can expand A (Wl) in transverse-

F F I/( 0 Ys)] (15) electric waveguide modes. Then Eq. (14e) becomes
h FLFcC ICtnh 

d)where the slot admittance is Y + Yc and it has Y= -j 8 ) ka 2(ka2)

been assumed that only one basis function is needed (qa) 3

to approximate the fields in the slot mouth. (20)

In this case, one can take advantage of the where
knowledge that exists concerning the solution for
the fields in the aperture of a narrow-slot antenna.' 1 2 (q/a)

2 
_ k

2  
(21)

This solution should provide a good resonance-region' q

approximation to the fields in the mouth of a slot
that is deeper than it is wide. Hence, one chooses This result differs slightly from that obtained in
the basis function and test function to be Ref, 5 because of a difference in the definition of

slot voltage.

M a ' sin [k(- x- 1 (16) The radiation admittance Eq. (14d) can be
x calculated by expanding the aperture fields in a

where ax is a unit vector along the x-axis, k is the plane-wave spectrum.
9,

10 Assuming kb-l, one has
wave number, and the slot dimensions and coordinate
system are defined in Fig. 2. Use of this approxi- Re(Yr) = (I/n O ) {Cin (ka)
mate function converts the moment-method solution to
a perturbation solution. + [Cin (ka) - 1/2 Cin (2ka)] cos ka

Now, for a plane incident wave with magnetic - [Si (ka) - 1/2 Si (2ka)] sin ka
field H0 , one has ((22a)

a5  i= H0 Cos a (17) anda Ht 0n

nd Im(Yr) : (I/ 0 ) I Si (ka)

ax I = 2H0 sin V (18) + [Si (ka) - 1/2 Si (2ka)] cos ka

+ [Cin (ka) - 1/2 Cin (2ka)

where, is the angle between and the x-axis and ie3/2a
it has been assumed that there are no reflections - In ---- / sin ka (22b)
from the probe. Thus, using Eqs. (16), (17), and 22
(18) the coefficients of the normalized slot imped-
ance (l/0 Ys) in Eq. (15) become where

_0 H2ab C (x) du and (23a)
FLF VpA 0

Si (x) f -- du (23b)
J u

-- - - - - - - -- - - -- . 0

The term resonance region refers to frequencies Equations (19), (20), and (22) show explicitly
where the slot lenqth is equal to or greater than how slot couplinq and slot admittance depend on the
one-half wavelength, frequency and the dimensions of the slot. In order
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to SIhow explicitly how the liftoff factor [Eq. (19a)]
depends on these parameters, it is necessary to re- 20
1ate H0 and PA. For example, if the source antenna
were equivalent to a magnetic dipole located at a a/b 10
large distance, R, from the slot, one would have

1.0

-3 ab -j2kR ( 06
F LF i- R2 (24) 10- 0.4

cc:" 1.0

Hence, if k is large (wavelength is small), the
dominant effect of changing R will be to change the
phase of the reflection coefficient. Thus, the locus L
of the reflection coefficient in the reflection- 0
coefficient plane as R is changed will be a nearly /02
circular arc. This behavior can be used to discrim- LN
inate between the signals produced by variations in Cr
liftoff and by a bonafide crack. < .

-0
Having obtained Eqs. (19), (20), and (22), it is

now possible to calculate the cross-polarized scat- -- .
tered power given by 0

PHV ' A (2) N

-Ji-20as a function of the frequency and slot dimensions.
It is convenient, however, to normalize the scattered c of d/a 0.1
power first to suppress the dependence of the result 0
on the characteristics of the probe and slot orien-
tation, viz., 1:

-30 1 1 L

PHV (4PA/" 2 a 2
b

2 11I1 sin 2 2-.) 0.35 0.55 0.75 0.95 1.15 1.35 1.55 1.75 1.95 2.15NORMALIZED FREQUENCY - ka/sin 8 ( -.2 (26)
k 4 a 2 h2 0 s FIGURE 3 NORMALIZED CROSS-POLARIZED

POWER SCATTERED FROM A
SLOT AS A FUNCTION OF

The right-hand side of this equation is plotted (in NORMALIZED FREQUENCY
dB) in Fig. 3 as a function of the product of fre-
quency and slot length, with the ratios of slot
width and depth to slot length as parameters. In
this figure, ka/. > 1 defines the resonance region 'a2b21H'j c Os4 - " I(s2
where electromagnetic energy can propagate into the P os4'2 (27)
slot with low attenuation. in this region, the
scattering is seen to be a strong function of slnt
depth, which is a d-sirab.c chaCILteristic from the Of course, as the frequency is increased from zero,
stanirpeirt of obtaining an accurate determination the energy stored in the slot also contributes to
of depth from a scattering measurement. For fre- the scattering. For a deep slot (d/a 1), the
quencies below the resonance region, the fields Rayleigh scattering term, PR, can be approximated byinside the slot are evanescent, and so the sensi- expanding Eq. (15) for small ka. The result is
tivity o' the scattering to changes in slot depth
decreases rapidly as the slot approaches one slot 2 2 2141 4 6
length in depth. Thus, eddy-current measurements P (PA/ab H0  C os 4  (ka)

2  
(2>)

for determining slot depth quantitatively are best 16
conducted in the resonance region. It should he
noted, however, that more than one slot depth can These two normalized scattered powers are plot-
give the same value of scattered power in this fre- ted as functions of frequency in Fig. 4. In makinq
(Luencv region, and so it may be necessary to crnduct the computations it was assumed that a 2.5 mm andmeasurements at more than one frequency to resolve that the material was aluminum with Z, 3.26 t0-

7

this ambiquity. V/f (I + i) ohms, where f is the froquency. This
figure clearly shows the dominance of the surface-

So far, this example has neglected the (ot rihu- impedance term (quasi-static teri) at low frequencies,
tion Of the s'Urface-impedance term to the scattering, and the dominance of the energy-storaqe term (Rayleigh
Indeed, in the cross-polarized case, Cc - 0 in Fq, term) at hinh frequencies. The crossover occurs in
(11), and the other term containing Zs is small for this example at about 10 Wllz. It is important to
most "iota1s. On the other ha vd, in the co-polarized note that neither of these low-frequency approxi-
case, CC  1 ld F n 2 cos At very low tre- mations to the slot scatterinq contains any depthquenc ies, I / Y . 9. and the quasi-stati( scattered information. Hence, one cinclu des, 

from thi s example
power, ["), is determined entirely hy the surface that eddy-current measurement of crack dlepth ar(,il'"Ie(lie 1110: les t conducted at frequenc ies where the wav]e (hlIth

is courlenlsurate With the crac6 lenqth.



system is currently about -75 dBm; this sensitivity
V -40 is determined by the degree to which the transmitting

and receiving portions of the system can be isolated
in the absence of a crack by the orthomode coupler.

c -60 - RAYLEIGH The antenna used in the system is a lens-focused horn
3. with a beamwidth at its focal point of about 3.5 mm

C.-80 at the operating frequency of 100 GHz.

LU -An aluminum plate with six slots of different
cc -100
Usizes electrodischarge-machined into its surface was

prepared according to the layout shown in Fig. 6.*
< -120 Slots 1, 2, and 3 have a cross section (a - b) of

QUASISTATIC 2.54 mm 0.25 mm; slots 4, 5, and 6 have a cross
o -140 section of 1.27 mm - 0.25 mm. Thus, a/b = 10 for the
w first set of slots, and a/b = 5 for the second set

-18 of slots. Also, at 100 GHz, ka/v = 1.7 for the first
- set, and ka/n = 0.85 for the second set. Finally,

- 1 slots 1 and 4 were specified to be 0.25 mm deep,

0-BO slots 2 and 5, 0.5 mm deep, and slots 3 and 6, 1.0 mm
z 10

2  
10

4  
106 108 1010 deep.

FREQUENCY - Hz The measured in-phase and quadrature voltages
obtained at 98 GHz by translating th= slots through

FIGURE 4 COMPARISON OF RAYLEIGH AND the microwave beam are shown in Fig. 7. The plate
QUASI-STATIC SCATTERING FOR A was aligned perpendicularly to the microwave beam
DEEP SLOT and was positioned so that a linear translation of

the plate caused the centers of the slots to pass
through the center of the beam, thereby maximizing

AN IDEALIZED MEASUREMENT PROTOCOL the peak signal obtained from each slot. The slots

were aligned with their lengths at an angle of about
Equation (13) provides the basis for defining 600 to the electric polarization vectur, thus ensuring

an idealized eddy-current measurement protocol for that some of the incident energy would be coupled into
determining crack dimensions. This protocol can be the cross-polarized modc by each slot.
divided into four main steps:

The in-phase and quadrature voltages were com-
(1) Calibrate the system at each measurement bined to form a polar display on a storage oscillo-

frequency using a "standard crack" to scope--common practice in low-frequency eddy-current
determine the lift-off factor, work. The corresponding polar display for slots 1,

(2) Detect the real crack while keeping the 2, and 3 (the 2.5 mm-long slots) is shown in Fig. 7(c).
distance between the probe and the specimen This type of display clearly shows the differences
the same as in the calibration, .- in the amplitudes and phases of the scattered signals

produced by the different-depth slots. In this case,
(3) Measure the crack inat- two different the signal produced by slot 3 (1.0 mm deep) is very

orientations to determine the orientation different from the signals produced by the other
factor (assuming the crack length is much slots. However, all three signals are clearly distin-
larger than the crack width), guishable.

(4) Collect sufficient data to permit unambig-
uous inversion using the model to obtain The approximate model (described previously)

the crack dimensions. (Ideally, a minimum that assumes a sinusoidal distribution of electric
data set would consist of amplitude and field in the slot mouth can be used to calculate the
phase at two frequencies--the use of more theoretical slot response for the parameters used in
frequencies may be required in the reso- the experiment. For a focused microwave beam, the
nance region in order to resolve ambigu- change in excitation of the slot caused by moving the
ities). slot through the beam can be approximated by setting

Since the data will not be perfectly accurate -jkx'
2
/R 2J1 (kx'/2)

and the crack geometry will not be known precisely, FLF e kW/2 (29)
it is likely that statistical techniques, adaptive
learning techniques, or both, will be required to where k is the wave number, x' is distance along the
obtain sufficient accuracy for crack dimensions de- scanning direction measured from the center of the
termined from eddy-current measurements. In any slot, R0 is the distance between the microwave lens
case, Eq. (13) should provide a useful basis for and the aluminum plate, and Jl is the Bessel function
deigning experiments, of first kind and first order. Also, in this simple

model, it is necessary to assume that the incident
EXPERIMENT field is constant over the slot mouth for each

position x'.
The amplitude and phase of the cross-polarized

hackscattering from a series of rectangular slots in
an aluminum plate were measured usinq the microwave
system whose schematic diagram is shown in Fig. 5.
This system uses an orthomode coupler to discriminate *

aqainst cL-polarired backscatter, and a homodyne This test plate was prepared under the direction of

detection system to provide in-phase (1) and quad- Dr. 0. Buck of the Rockwell International Science

rature (n) output sinnals. The sensitivity of this Center, Thousand Oaks, California.
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FIGURE 7 MEASURED SLOT RESPONSE FOR SLOTS 1, 2, AND 3

The result of the calculation for slots 1, 2, INVERSION

and 3 is shown in Fig. 8. The absolute amplitude
and phase is undetermined in this calculation; In view of the good agreement between theory and

therefore, the theoretical plot has been normalized experiment, it appears worthwhile to examine the

so that the peak response for slot 3 matches the measurement-error sensitivity of an inversion process

experimental value for that slot. The experimental that is based on the simple model. Since all the

peak values of each slot response are indicated by slots were located at the same distance from the

Xs. A comparison of Figs. 7(c) and 8 shows remark- microwave lens and had the same orientation relative

able agreement, considering the approximate nature to the polarization of the incident wave, it was

of the model, simplest to use one of the slots (slot 3) as a refer-

ence slot for calibrating the system via the model.

The experimental results obtained for slots 4, Slot 2 was chosen as the unknown slot whose dimensions

5, and 6 are shown in Fig. 9. In that measurement, were being sought. Hence, the ratio of the measured

the gain was increased over that used for the larger complex signal for slot 2 to that for slot 3 was

slots and, as a result, liftoff effects became compared to the same ratio obtained from theory.

noticeable, as is evidenced by the high background
or clutter in Figs. 9(a) and (b). However, as Ideally, measurements at two frequencies that

expected, the polar display [Fig. 9(c)] allows the are far enough apart to produce measureable changes

slot signals to be clearly distinguished from the in scattering are needed in order to determine all

liftoff signal because the two types of signals are three dimensions of a slot, as was mentioned in the

nearly orthogonal. section on measurement protocol. However, the

existing experimental system did not permit signifi-

In this case, the length of the slots (1.27 mm) cant changes in operating frequency to be made;

causes the operating frequency of 98 GHz to lie below therefore it was necessary to assume that one of the

the resonance region, with the result that changes slot dimensions was known. The slot length, a, was

in slot depth produce relatively little change in chosen for this dimension, as it is the most likely

the phase of the scattered signal. to be known.

The Lorrespruiding theoretical response for these The amplitude and phase of the relative scat-

smaller slots is shown in Fig. 10. In this case, tering from slot 2 at 99.9 GHz are shown in Fig. 11

the theoretical plot was normalized to the experi- as functions of slot dpeth, with slot width as a

mental peak value for slot 6 after the clutter (lift- parameter. It is assumed that a = 2.5 mm. Also

off signal) had been subtracted. Again, agreement indicated in the figure are the estimated ranges for

between theory and experiment is fairly good.
19
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FIGURE 11 AMPLITUDE AND PHASE OF THE SCATTERING FROM SLOT 2 (relative to slot 3)
AS FUNCTIONS OF SLOT DEPTH

the measured data. The measurement errors corre- SLIMMARY
sponding to these ranges are: amplitude '1 dB;
phase, 4 . One can see from the figure that, if A general theory for the electromagnetic scat-
the slot width can be estimated to within ,?O', the tering from a surface-breakinq crack in a conducting
measured data determines the slot depth to within material has been developed. The theory is valid
,ll (the cross-hatched area), for any frequency, and provides a basis for defininq

a measurement protocol for the purpose of determining
It is interesting to note that, in this case, crack dimensions from eddy-current measurements. The

the u'o nf amplitude data alone would only increase theory also shows that, at low frequencies, eddy-
the uncertainty in the depth determination by a small current measurements of cracks are dominated by
amount, namely to '14". The slot depth measured effects of finite conductivity while, at high fre-
from a scanning electron micrograph of a rubber quencies, the measured signals are determined mostly
replica of slot 2 is d/a = 0.21. This value lies by energy storage in the crack.
approximately it, the center of the cross-hatched
slot-depth range shown in Fig. 11. Approximate numerical results have been

obtained for the case of a rectangular slot. This
If the cross-sectional dimensions of a crack example reveals all of the essential characteristics

cannot be obtained by microscopic examination or by of the backscattering as a function of frequency and
some other means, all three of the crack dimensions slot dimensions, and gives insight into what can he
must be obtained from the eddy-cirrent measurement expected for the behavior of a signal scattered by
alone. The accuracy of the required inversion a real crack. [or example, when the slot length is
'olution will depend on how sensitive the scattering greater than one-half wavelength, resonances can
is to rhanqe. in ea(h crack dimension. Calculations occur; these resonances make the determination of
ir,ln,: the modnl d ,woioled here show that this sensi- slot depth from measured scatterinq accurate hut

iv t v dvienisr or the produ( t of crack length and introduce ambigui ties. for smaller slot letigth,,
( ,eratinq freiuon(v, with maximum ,es itivity there is a one-to-one relation between slot depth
,t,,iirel In 'ope, Ifi, port ions of the resonance reqion, and scattered signal, but the implitulde of the

obtainnj 1a1Ximum auid ra(y i. determining scattered energy is smaller and siot deptth t it are
,ra( .i:e will ,e sitate the use of a frequency greater than one slot lenqth are not well resolved.
tmdt i%, aprprnite to the size ranq being measured. The effects of liftoff and slot orintation are alo

elucidated in the example.
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Experimental results obtained at 100 GHz using 10. D. R. Rhodes, "On the Stored Energy of Planar
electrodischarge-machined slots in an aluminum plate Apertures," IEEE Trans. Antennas Propaat.,
were found to be in good agreement with theory. The Vol. AP-14, pp. 676-6830hov -966T
smallest available slot, which was 1.27 mm long,
0.25 mm wide, and 0.25 mm deep, could be distin-
guished from clutter (liftoff) by using phase-
sensitive detection and a polar display. An example
of using the measured data and the theoretical model
to determine slot depth was given.

One can conclude that it should be possible to
obtain an accurate determination of the dimensions
of a surface-breaking crack from microwave scattering
measurements. Although further improvements in the
theory are possible, questions concerning the prac-
tical and economic realization of the technique
should be addressed first.
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FINITE ELEMENT ANALYSIS OF AXISYMMETRIC GEOMETRIES IN QUANTITATIVE NO[

R. Palanisriy anid W. Lord
Department of Electrical Engineering

Colorado State University
Fort Coll1ins , Cal orado 80523

ABSTRACT

Solution of the inversion problem iii quanti tative eddy current NDL requi res an adequate liithemat ica I
miodel to describe the complicated interactions of currents, fields and flaws in materials. [Nistinq
analytical techniques are not capable of accoiusodatinq liateriails with nonl inear magnetic chiaracteristics
or awkward flaw shapes.

This paper describes a finite elemient computation of the complex impedance of all eddy current sensor
in axisyliuletric test ing conf igurat ions, somle with rtefect\ arid q ivts the rrrre'qronrr i 'nllt l( Hu\ dist r
irUtionIS. The authors suqlest that, because finite elemient analysis techniques are not limuited by material
notil meani ties and comrp] es defect qeometries, they canl be app]lied to the devel opment of computer based
defect characterization schemnes for realistic edd-y current NOE applications.

INTRODUCT ION The problem of model inq elIei-troriqtiet ic fielId
defect interactions in materials is coripl icated by

Nondestructive testinrg and eva luat inn platy ani miy non]linear magneti zat io clinra. ti tiir (t the
important role in the design, fabrication and day- materi a] and awkward defect IiOUnddri e- lor I hi
to-day maintenance of mii itary , aerospace, electric reason, much of the e i stintl lteralture iss,0i a ted
power and transporta tion industry equipment. The with eddy currenPlt phenomrena 1., ilicerned witha
economic imlpact O ot cxlpanent Nalure in these simp i fyinq assu111pt ions ',i that. ~l Jo JVI g ieo d

industries is well documented -and, together- with current situoatin, c as rd-form eps io cm oreh
the obivious human and enironmrental irnpl i cat ions, obtained for the noirmaiized ii:pedanre Lit the saLtit

prov ides a mlaj or impetus to Improve aill asoects of co ilI. Scott,, q i Vhs all every it Ow f the rIIIrieriris
the nondestructive testing art . Prorbres s has been miathemratical1 appraa che', wh ~ lead tr l u LOel ?- I'
made toward this end thr-ough such effonrt, S as the sO]utiollls of edidy r rirrent pint lai .ri 4 retetres-
DARPA/AFML proqram5. Al though the Work hlas can- 1; through t, ilbiu thes'le va1n "s,1dsld
centrated primlari ly air ultrasonic tethiiquC, iich aprproailhes in ie idetai11le t te iII;ar,'int
of the research philosophy developed for the pro-~ plethora rioaa 1111'() te'jiii ]Lie"S hr OL,d 'iii .
graml with regard to t 0 'st~dy of has it phenorienia t) t heoiy , i itegIra 1. neitwork xiii- ili I I, tI fneri,,
devel optrent Of iiiodel . . S igLnature ident i f i cat in forrt0IutaL 0t i011rs , t he lsI, ;,rort, II o bit, II; 'p1 I
by signal processing0

) arid the subsequent acceplt, de(fer t 'lrai, ter?.*,It i ' ilplir' ti.dI. i
reject dlecision founded on a knowledgle of fracture mi Iiiil 1ci terrrldiiii't .tit I'l, "tl II I teaI1 1
miechanvics and related failure prababilI i ties cnn li
arid should be applied to other nondestructivye Air lirorih wirrt dot-, "horw ;IlIi 'r I-- I tr i-
testing techniques. The corners tone of suk h lii 0)1 'iitn a i Int hi I Ait ':n.'It I iiIII i

approach is the development of anl adequate 11ratire- fr(qrI Al V"Ii tc' , Nt:it 'P. .ti' .,od I I i
imat ical iiiodelI for the study oif bas ic f i eI d!efec t ,I!PdIId net I' I ft' I h I, !.k
interactions. Suich a iiicdel is needed iti it'd.'tr 1 i,] AO Ie. irn Wh I .,1, ii 1',
develop a defect characteri zationi Icheeii hid tir t i '

dent i fy sui tabile paramleters for I, gi~mlit prir e11 1 1. L1 ~ u'
r - '- . , ~ l , *

In eddy current methods of ririrdes trn t i,,o.* r ,. ,., -

testing,* a]lternat inrg currenit cxi itat ion i s iT 1 . .'.'*

induce secondary currents arid fields inI the ' 4 r '' *''

mienl undergoing Inspection, Defects, it, the 'pe t-' 'I,: I'',

cause changes in both inrduced c nell t ind t ield :.' .. . a' '*'

resulting in iieasurable imrpedarin variat ii'in' I, *-I--'

nearby search coil. Despite recenlt rtcr' r;)rf'tt

in automtatic defect characterizatixri a15cr 1,0-1*<

with eddy cur-rent ald1leakage flux m'ethoidt, 0 ''' .'

destructive testing- - . the subriec t if aet t I '

magnetic methods ot nondestructively te-tii -(,r i- , ' .' '' ' ,.

maignetic mlaterials is characterized larqeltL 1 . "

empirical knowledge. Where closed fai 1'rhir
sol ut ions do exist,* describing Vn' cct'rorraIJnret ii'

field/defect irnteractinn,, the utiderlyinqirj 6WP
tions of the theories tenid to inval i~itt' in,' , ' I '

'r11l istic appl ication of the rulsto tto ~rotIf' 't'' . '

of defect characterization. ....... ' '.'



in the r,z plane as shown in Fig. 1. are not restricted in any way.

Interfaces between different materials must

be formed by the sides of the triangles.

In order to ensure a reasonable accuracy of
the numerical solution, the triangles must
be smaller in a region where the gradient
of the magnetic flux density is larger.

C All the elements have the same unit depth
of one radian in the a direction.

0.0 ---------- r The current density, permeability and flux

density are assumed to be constant within
each triangular element.

Fig. I. Axisymmetric Geometry Showing the Direc- Along the boundary C, the magnetic vector
tion of Js and A. potential is zero.

The sinusoidal source current density J (amps/m2 )

and hence the complex magnetic vector patential A
(Webers/m) have components only along the positive
o direction. That is, both Js and A are a function
of r and z only. This situation can be modeledb
a Poisson type of nonlinear diffusion equationq

" --

n
___ l A a2A A".........A + I -r ... . Js 

+ jwajA ()

ar 
2  rr z 

2  
r

where w = nonlinear magnetic permeability (Henry/m)

= angular frequency (rad/sec) 0
0,0r

* = electrical conductivity (mhos/m)

j = T , complex operator. Fig. 2. Discretization of the Finite Element
Region R, and a Typical Axisymmetric

The eddy current density Je (amps/m2 ) is given by Finite Element kmn.

J= -jwoA (2)e =In 
order to set up the local element matrix equa-

From the principles of variational calculus, tion the variation of function A within each element
it can be shown that a correct solution of Eq. 1 is assumed to be linear and dependent only on the
can be obtained by minimizing the nonlinear energy values of A at the vertices. For example, the
functional value of A (rz) at the point P(r,z) within the

2jwalAl2 1 * Ajdv (3) element xmR in Fig. 3 is given byF v BdB + - Ap'r,z)- 1l
v 2S p(~z 21 , (ai+bir+ciz)A i  (4)

2Vi= ,m,

where B = flux density (Webers/m 2 over the entire i1,m,n

region of interest, where

Finite Element Formulation - The very basis of a, = r z -zm
finite element analysis is to search for a function m n
A such that the energy functional F of Eq. 3 is (6-
minimized, instead of solving Eq. 1 directly. bt = n (6)

The region R of Fig. I which contains the area ct = rm-r (7)
of interest (including current sources, ferromag- n
netic material, etc.) must be of finite size if A is the area of the element tmn and A , A and Am
Eq. 3 is to be solved numerically. The boundary of are the values of A at the vertices x, t an n.
the region is chosen such that the magnetic vector Extending this approximation to all the elements
potential A is either zero along the boundary or in the region R, we obtain an approximate represen-
the gradient of A is negligibly small along the tation for A throughout the region. All the vertex
boundary compared to the value elsewhere in the (nodal) values of A in the region are varied simul-
region. Discretization Rf this region is achieved taneously until the energy functional F given in
as follows (see Fig. 2)34: Eq. 3 reaches a minimum, resulting in the final

solution for A at all the nodes in the region.
The chosen solution region (finite element
reg~on) is stbdivided into triangles. The
number, shape and size of these triangles

2



A
A( r,z) m associated with the element ;in and tke centr.id

AV I and area A of the element imn,Ap( r, z) 
2 1

A woAr~ [c
A = T 1 2

f "{Q} is a 3 x 1 'element matrix' formed from the
.-.... .complex current density Js within an element fmn,

... ....... ....... .. . / ~ ~ s r

P(r,z) %rc

{Al is a 3 x 1 'element matrix' formed from the
unknown complex vector potentials A , A and .'. of
an element Vmn, P1 n

Fig. 3. Linear Approximation of Function A within
a Triangular Finite Element, zmn. A

Minimization of the energy functional F is Am
achieved by setting the first derivative of F with
respect to every vertex value equal to zero. That An
is

F This is the finite element representation of the
0 , k=l,2,...N (8) energy functional of Eq. 3 for a typical trianole.k mn, in the region R. This approach now has to be

extended to cover all the elements of region R to
w.nere N total number of nodes in the region. form the global matrix equation.
Instead of performing the minimization node by node
in sequence,for convenience, we perform it element Element matrix equations corresponding to
by element. Substituting A (r,z) from Eq. 4 in Eq. 10 can be formed sejrdtely for all the elements
Eq. 3 and performing the foilowing three operations in the finite element region These individual
simultaneously, i.e. element equations are then combined into a single

'global matrix' equationF
0 : , i=z,m,n (9) [G] {AI = {Q, (11)

we obtain three equations in three unknown vector where [G] is a (NxN) banded symmetric complex
potential values (A, A and A ) for the element matrix, and {Q1 and {Al are (Nxl) complex column
Qmn. m n matrices. The expa.nded form of equation 11 is

After some algebra these equations are

represented in the final matrix form as3 7

[[SIe + J[RIe](A)e = {Qle (10) Semibandwidth

where [SI is a 3 x 3 'element matrix' formed from A1
the r and z values of the three vertices i, m and A

n and the area A in an element zmn, 0 value asso- A2
ciated with the element Xmn, and the centroid of A
the element r from the z axis, 3

(bu mb+ c c.) (bb + ccm) (bnb + CmC -

S (b'b' + cc ) (b'b' + c c ) (bi' c4AW m k m Z mmi i mm mn Cmn

Lbn'b' + c nc,) (bnb + nm) (b;,b1 + c ncnJA

bk b k = ,mn NxN4 Nxl Nx1b=bk + 3-r- ,~

c

[R]o is a 3 x 3 'element matrix- formed from the
angl ar frequency , electrical conductivitv o
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Any of the direct solption techniques (e.g. and
Gaussian elimination" utilizing the banded sym-
metry and sparse nature of the global matrix, [G], Ac A +A +(A+Am+A (22) 
can be applied to solve for the unknown vector 1 m n
potentials, A. Because of symmetry, it is suffi- Hence the final expression for the flux densities
cient to store only the elements in the semiband- are
width of the matrix [G], and this brings down the
computer storage requirement considerably. Br = - 2LjA,(rn-rm)+Am(r-rn )+An(rm-r,)] (23)

Calculation of Flux Density - The relationship A
between the magnetic flux density B and the magnet- = c + I m n - n ( n
ic vector potential A is B C 2A -Z )+A (Z n )+A n(z m

B = vxA (13) (24)

Remembering that A has a component only along the Resultant flux density
positive e direction, we obtain 2 2 (25)

B - A (14) z
r az The simplified flow chart of Fic. 5 outlines

A + 3A the computational steps involved in t= finite
Bz  r + 3 15) element analysis of eddy current problems.

B= 0 (16)

Within each0 finite element a linear variation of A !NI!_M_

is assumedFI 

M

:1 :er ,.: R Iln, t Ivi .: d ',, , t I,!: i-+

A = I + 02 r + a 3 z (17) C . V, , j- Y

Therefore,

r -13 ()

Bz A (9z "~2 11(-N.I)1
Taking A dS the value of A at the centroid r
(Fig. of a triangular eleiien , without losi of taccuracy, we obtain o -t h ,, in the , Matri-'

8z r + 
2 (20)

rc=-(r+r+r
n)

(A +Am+An -y )-'i 'n 'hl

z

lz i - -(nad b, k .. hbsIi t- i on

r c

n L

*A m
c

Fig. 5. Simplified Flow Chart for the Finite
Element Analysis of Eddy Current Problems.

0,0 r
Normalized Complex Impedance (Z n ) of a Coil - The

Fig. 4. Approximate values of r and A in an complex impedance of a circular coil can be calcu-
Element imn. c c lated from the complex magnetic vector potential

values. That is
The expressions for a and a can be uotained by
simultaneously solvinj the t~ree equations written 2 N
for A , . and A using Eq. 17. A and r can be Z = - F -rc Ac (26)

calcu ate eitheP as indicated in Fig. 4, byusing area coordinates for better accuracy
. 

That2
is, where N is the turn density (turns/m ) in th3 coil,

I is tne source current (amps), r Is tne centroi-
1 ;2 

2
+r2 dil distance os a triangular element from the z axis

r- r [ r2+
r

(r +r +r n) } (21) (meters), Ac is the complex magnetic vector potential



at the centroid of an element, and the summation is
taken over all the elements forming the coil cross-
section in the finite element region.

The normalized impedance, Zn, useful for the
complex impedance plane plot, is obtained by divid-
ing Z with the reactance of the coil, wL , where L
is the self inductance of the coil in aiP. That i?,

Z (27)

RESULTS

Initial emphasis in this work was placed on
studying those eddy current geometries for which
analytical solutions existed. Reference 44
describes the application of finite element analy- c)
sis techniques to the problem of predicting the
current density in a metal slab lying under a con- Fig. 6. Circular eddy current coil: a) geometry,
ductor carrying an alternating current. As the b) finite element mesh, c) predicted
results 19reed well with the analytical predictions flux distribution.
of Stoll "4 the finite element studies were then
extended to the axisymmetric geometries described
in this paper. For the first three cases results
are 5gmpared with those predicted by an ORNL pro- Case FE Code ORNL Code
gram based on integral equation concepts. Values -. _

of conductivity chosen for the aluminum cgpper and 1 (Fig. 6). 4
iron used in these stugies were 28.6 x 10 , Self Inductance 3.216 x 10H 3.217 x 10 H
57.7 x 106 and 10 x 10 mhos/m respectively. Rela-
tive permeability values were 1.0 for aluminum and
copper, and 100 for iron. 2. (Fig. 7).

Case 1: - coil in air. Figures 6a), b) and c) Normalized 0.101 + j0.723 0.101 + j0.737
Impedance

show the geometry, finite element mesh and pre-
dicted flux distribution. The corresponding
inductance values obtained using finite element 3. (Fig. 8).
(FE) and ORNI code are given in Table 1. Normalized 0.109 + jO.649 0.108 + jO.647

Impedance

Table 1. Estimated inductance values for cases
1, 2 and 3.

Case 2: - coil on a copper sab. Figure 7 shows
the predicted flux distribution for a circular coil
supplied at 1250Hz lying on a copper slab. The
corresponding normalized impedance values are given
in Table 1.

a)

Fig. 7. Flux distribution for a coil on a copper
slab at 1250Hz.

' rCase 3: - coil encircling a two conductor rod.
0,i Coi1 Region Figure 8 shows the finite element predicted flux

distribution for this case with the corresponding
b) normalized impedance values given in Table 1 at
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1250 Hz. for an excitation frequency of 500Hz and the
"shielding" effect of the higher permeability iron

Aluminum rod -tube is clearly visible.

Copper a
cladding

Fig. 8. Flux distribution for coil encircling a
two-conductor rod.

Case 4: - coil centered over a flat-bottomed hole
in a co ~r slb. Figures 9a) and b) show the
finite eement predictions of flux lines for exci-
tation frequencies of 500 and 5,000Hz respectively.
the depth of penetration effects are clearly visible. ,

Fig. 10. Flux distribution around a coil in a) a
copper tube and b) an iron tube at 500Hz.

Case 6: - coil encircling an iron rod. Figures lla)
S,\and b) show the effect of an axisymmetric slot on

the flux distribution in an iron rod encircled by a
coil carrying current at 500Hz.

Fig. 9. Flux distribution at a) 500Hz and b)
5,00OHz for a coil lying on a copper slab
with a flat bottomed hole.

Case 5: - coil inside a copper tube with an axi-
slot. Figures la) (copper tube) and

S r I ube) show the effect of tube permeability a)
on the predicted flux distribution. Both plots are
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SURFACE FLAW DETECTION WITH FERROMAGNETIC RESONANCE PROBES

B. A. Auld, A. Ezekiel, D. Pettibone, and 0. K. Winslow
Ginzton Laboratory
Stanford University

Stanford, California 94305

ABSTRACT

Ferromagnetic probes resonating at microwave frequencies have previously been shown to function as
sensitive detectors of surface breaking flaws in metals. A swept frequency mode of operation was used,
with the resonance line of the probe displayed on an oscilloscope and the presence of a flaw indicated by
a shift of the resonance line. This type of presentation lacks good discrimination between lift-off and
and flaw signals and also reduces the probe scanning speed because the entire resonance line must be swept
at each measurement point on the test specimen. Our new system operates under cw conditions, with a net-
work analyser type of display giving the probe input impedance in polar coordinates. This provides lift-
off discrimination and also enhances sensitivity. Experimental curves and their theoretical interpreta-
tions will be presented, and a portable prototype instrument will be described,

INTRODUCTION

The ferromagnetic resonance (FMR) eddy current The position of the tip of the precessing mag-
probe is a miniature microwave resonator consisting netization vector in Fig. 1 is described by the
of a single crystal yttrium iron garnet (YIG) transverse circularly polarized magnetization mrf
sphere, less than a millimeter in diameter (Fig. 1). and it is the interaction of this rotating magnetic

dipole with the test piece that generates microwave
frequency (700 - 4000 MHz) eddy currents on the sur-

¥ face. By contrast with conventional eddy currents
in the hundreds of kiloherz frequency range, these
microwave eddy currents penetrated only a few mi-
crons into the surface. Nevertheless, surface

x breaking flaws may be detected, as in standard eddy
current technology, by passing the probe over the
test surface and observing the change in input im-
pedance resulting from perturbation by the flaw of
the magnetically induced surface currents. The

HOC microwave flaw signal results from the interruption
of the surface currents and/or the flow of these
currents into the flaw. Because of the stronger

h concentration of the eddy currents at the surface
z and also because of the resonant nature of the

L; probe, it is expected that microwave FMR probes
should have greater sensitivity to very small sur-
face breaking cracks. A detailed analytical study
of the basic probe theory presented a year ago 1

d estimated that a surface breaking crack of 0.002"
length should be detectable with this system. Such
an estimate is, of course, incomplete in that it
ignores the effects of spurious signals arising

Fig. I General schematic of FMR probe interaction from surface roughness and lift-off variations.
with a surface slot. For this reason our top priorities this year have

been to study lift-off variations and to construct
Its resonant frequency is determined not by its a portable instrument for performing experiments
size, as in the case of an electromagnetic or acous- under more realistic environmental conditions.
tic resonator, but by the strength and direction of
an applied dc magnetic field. Like an acoustic re- In addition to its potential advantages with
sonator, a YIG sphere has many modes of resonance regard to sensitivity the YIG probe, because of its
and, when coupled to an external source, can be re- very small size, promises to provide excellent spa-
presented by the same type of equivalent circuit. tial resolution, discrimination against edge ef-
With ferromagnetic resonance, the magnetization of fects, and accessibility to restricted corners.
the resonator material precesses like a spinning Figure 2 illustrates the geometries of our present
top about the applied dc field. For this reason, generation of probes, one for surface probing and
the resonant frequency is controlled by the applied the other for the interiors of holes and corners.
field. In each mode of resonance the magnetization Our current philosophy is to apply the dc magnetic
moves in a characteristic spatial pattern, the most field from a separately-mounted samarium cobalt
important and easily excited being the one illus- permanent magnet having dimensions in the order of
trated in Fig. 1, where the precession processes a fraction of an inch. This technique, illustrated
uniformly about the dc field. in Fig. 3, allows accessibility to flaws to be



determined by the probe size rather than the magnet. Samarium Cobalt

Permanent Magnet

Sphere Diameter

0.012 < d < 0.03'

Loop Diameter 1.Sd-

0.005" Dia. Wire _

0.050" Dia.

Co-axial Feed Prob
End Probe

Fig. 3 Typical positioning of the edge probe rela-

tive to a test piece.

LIFT-OFF DISCRIMINATION AND FLAW SIGNAL PRESENTATION

Co-axial Feed In the last year's work the change in the input
impedance due to the presence of a flaw was detected
by observing the shift In the magnetic resonance fre-

-- quency due to perturbation of the eddy currents.
Initially the resonance line was displayed on an os-

E dge Probe cilloscope by exciting the probe at a fixed frequency
and then sweeping the probe resonance by applying a
swept magnetic field (Fig. 4). This was a bulky and

Fig. 2 DetaIl of currently used probes. (a) End and inconvenient technique, and later experiments
probe. (b) Edge p,'obe. were performed with a fixed magnetic field and a

swept frequency source. Active probes were alsoUnlike lower frequency eddy current probes the constructed, in which the YIG probe controlled the
coil in Fig. 2 requires only a single turn, which frequency of a transistor oscillator. The disad-
simplifies fabrication in miniature sizes. YIG re- vantage of these methods is that they utilize only
sonator technology has been an established indus- the amplitude of the flaw signal, whereas it Is
trial process for many years, being used for tuna- well-known in low-frequency eddy current applications
ble microwave filter and oscillator applications, that the phase information provides lift-off discri-
Reproducibility has therefore already been realized. mination (Fig. 5(a) and (b)), as well as flaw depth
At the present time the smallest YIG spheres availa- Information. An improved type of probe operation,ble commercially are 0.012" diameter, but the fabri- giving the required phase information, is therefore

cation of even smaller spheres appears feasible. being used this year. Basically, a small dedicated
This is one possible direction for further improving network analyser provides a measure of the complex
the edge discrimination characteristics of these input impedance of the probe, In either fixed or
probes. Another is the use of shielding, as cur- swept frequency operation, and this complex Impe-
rently applied In low-frequency probes. The lowest dance Information is displayed on an image storage
operating frequency in our current experiments is tube.
slightly below 800 MHz, but this is not a limit,
even for the present generation of probes. Also, In conventional low-frequency eddy current test-
use of resonator shapes other than a sphere and Ing the curve traced in the complex impedance plane
choice of other magnetic materials offer possibili- by a variation in lift-off follows a differ~n path
ties for a very substantial lowering of the resonant than the curve traced by traversing a flaw.Spa

frequency. Figure 5(a) and (b) compares the lift-off curves



COUPLING LOOP SWEPT BIAS FIELD
Ho+ H(t)

YIG RESONATOR SLIFT OFF

d

EDDYCURRENTS
OPEN CRACK

Fig. 4 Original method of flaw detection by observation of the ferromagnetic resonance frequency shift.

(dashed) with flaw signal curves (solid) for single The complexity of the FMR resonator response
coil and differential coil versions of a low-fre- can be appreciated by examining Fig. 8, which shows
quency probe. The figure-eight characteristic of tuning curves (frequency versus magnetic field) for
the differential coil can be easily visualized by some of the modes of a magnetic sphere, including
superposing two single coil responses that are 1800 as a heavy line the uniform precession mkde and a
out of phase and occupy displaced but overlapping spurious mode of the same frequency. Spatial varia-
responses in space. In both of these figures the tions of the model fields are identified by a three-
flaw signal has a component orthogonal to the lift- subscript system.

5 
The uniform precession mode

off curve, and this effect is exploited in eddy (110), shown in Fig. 9 for the tilted dc field ar-
current instruments by designing the electronics rangement that is found to give the best operating
so that one can select this orthogonal signal com- characteristics, has a uniform magnetization that
ponent for presentation. Corresponding impedance procesces around HDC . The corresponding RF com-
plane curves for the FMR probe are shown in Fig. 5 ponent of magnetization mRF in the figure Is uni-
(c). As was noted in our February 1979 report,

4  
form and circularly polarized in the plane normal

the lift-off curve now follows a closed circle be- to HDC . The RF magnetization therefore has one
cause of the resonance phenomenon and, with proper polar variation, one azimuthal variation and no
adjustment of the probe, the flaw curve is a tear- radial variations. Since the entire resonator
drop more or less aligned along the lift-off curve, structure is small compared to a wavelength, the
To obtain this type of response it appears that ex- input impedance can be obtained by a simple flux
citation of a second (or spurious) FMR mode, in ad- linkage calculation - leading to the coil Induc-
dition to the uniform precession mode of Fig. 1, is tance and coupled resonance terms shown in the
required. Deliberate excitation of such a mode is figure. The degenerate mode illustrated in
sorething to be avoided in YIG filter and oscillator Fig. 10 is much more complicated and more difficult
design, and marks a distinct difference between the to couple, because of spatial cancellation of flux
operation of the YIG probe and earlier YIG devices, linkages. This mode was selected for illustrative

purposes only, since it is unlikely that it is the
The effect of spurious mode coupling on the one responsible for our experimental observations.

complex impedance versus frequency curve of the YIG
probe depends on the nature of the coupling. This From the input impedance expression for the
can be best illustrated by looking at equivalent uniform precession mode in Fig. 9, it is easy to
circuit models. Figure 6 shows the usual equivalent show that the corresponding equivalent circuit has
circuit representation of a low-frequency probe, an inductor in series with a parallel resonant cir-
where lift-off is modeled as a change in mutual in- cuit (Fig. 11). This is completely analogous to
ductance and conductivity changes or flaws in the the equivalent circuit of an acoustic resonator or
test piece by changes in the load resistance. transducer, but with a coupling inductor instead
Straightforward circuit analysis shows that this of a coupling capacitor. Consequently, the complex
circuit gives impedance curves of the type illus- impedance versus frequency curve is the offset cir-
trated in Figs. 5(a) and (b). The FMR (or YIG) cle diagram shown at the bottom of the figure. Re-
probe, on the other hand, has a main internal re- garding spurious mode coupling, one may consider
sonance (uniform precession) that is coupled to separately the cases of direct coupling to the ex-
both the input excitation and the test piece, re- citation loop and indirect coupling through the
presented by R in Fig. 7. Coupling to a spurious uniform precession mode. Simple flux linkage con-
mode may occur either directly from the excitation siderations show that these cases correspond to the
coil or indirectly through the uniform precession equivalent circuits of Fig. 12. and a qualitative
modes, as noted schematically in the figure by the examination of the behavior of these circuits shows
two mutual couplings to the dashed spurious reso- that the resistance, reactance and complex frequen-
nant circuit. cy versus frequency curves are as illustrated. As
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Fig. 5 Discrimination between lift-off response (dotted curve) and flaw response (solid surve)
in (a) standard single coil probe, (b) standard differential coil probe, (c) FMR probe.

will be seen below, our experimental complex impe- quencies, the required complex input impedance in-
dance displays correspond to the case of indirect formation can be obtained by using the polar phase
coupling, and we therefore conclude that this is the discriminator circuit illustrated in Fig. 14. This
relevant coupling mechanism. Spurious coupling in unit, which is the central element in commercial
YIG filters is generally attributed to the same network analyser instruments, has as its signal in-
mechanism. put the reflected wave from the load impedance to

be analysed. In the figure this is provided by the
INSTRUMENTATION directional coupler shown at the left. The reflec-

ted microwave signal is then split and the two parts
As was noted above, the electronics used pre- are mixed separately with a reference signal from

viously with the probe (a swept frequency source the source, shifted g0 In phase at one of the
and resonance line display on an oscilloscope (Fig. mixers. The dc outputs of the mixers are then pro-
13)) does not provide the phase information neces- portional to components of the reflected signal 900
sary for lift-off discrimination. At microwave fre- out of phase with each other. Application of these

. ... ... .... . .. , . .. .. .. .. .. ... . . ..... . .. . .. . . . ., _ .. .. . . .. . .. . . .. .. .. . . . . .. .. .. .. .... . . ..1



shown in Fig. 16. A small varactor-tuned transistor
oscillator capable of operating from 800 to 1600 MHz
serves as the source and the phase discriminator is
a compact commercial unit. Use of miniature direc-
tional couplers allows the whole system to be assem-
bled in a portable unit (Figs. 17 and 18). The
electronics provides for rotation of the impedance

Lift-off display on the screen so that the part of the flaw
signal orthogonal to the lift-off curve appears on
only one axis Gain and offset controls are also

Sr-Test Piece provided for magnifying the important part of the
impedance curve.

z iZ D ~ a RUniform Precession (1,1,0) + (4,3,01 Spur
0.

Fig. 6 Equivalent circuit model of the standard 0.
single coil probe.

[Spur 0 o.5 y4 vM

/

r -- I r1

0 ) 0.4 0.8 1.2 1.6 2.0 2.4

a1IH 1j a
Z--IN --- y4 Tim 3

_ Fig. 8 Chart showing the ferromagnetic resonance
frequencies of a spherical resonator as a
function of the applied dc field H
The dashed lines represent tracking modes
and the solid lines nsntracking modes.

Main Resonance EXPERIMENTAL RESULTS

The experimental results obtained with our new
instrumentation and probe configurations are not

Fig. 7 Equivalent circuit model of the FMR probe. substantially different than those presented in our
February report4 and measured with a commercial net-

signals to the x and y axes of an oscilloscope work analyser. We now have a lower noise level and
gives a complex display of the reflected signal and better display capabilities because of the offset
therefore of the reflection coefficient rIN , with- controls available in our electronics. The same
in an arbitrary amplitude scaling and phase rotation. micromanipulator is used for lift-off and scan con-
The relation of this display to input impedance ZIN trol, but the new magnet mounting allows more flex-
can be deduced by inverting the complex reflection ible magnetic field adjustment (Fig. 19).
coefficient relation

ZIN - Z0  Figure 20 shows a Smith Chart display of the
r " probe input impedance, with the magnetic field ad-
IN ZIN + Z0  justed for simultaneous coupling to many spurious

modes. The similarity to the indirect coupling

or, better, by constructing the contours of constant curves of Fig. 12 should be noted. Measurements

R and constant X in the complex reflection coef- with our new system of two samples discussed in our

ficient plane. This leads to a system of orthogonal February report are shown in Figs. 21 and 22.
circular contours, known as a Smith Chart. Figure These were both stored on the CRT before photogra-
15 compares the impedance versus frequency trajec- phing. The improvement in signal-to-noise is es-
tories f-r the uniform precession mode coupled with pecially notable in the second sample, although no
a spurious mode, as displaced on a rectangular dis- special filtering has been used.
play and a Smith Chart display. DIRECTIONS FOR FUTURE DEVELOPMENT OF PROBE THEORY

The block diagram of the dedicated network ana- In Reference 1 the general theory f an FMR
lyser constructed for use with our FMR probes is probe operating in the uniform precess.un mode was

_ ~ m tJ



X-axis the uniform precession mode. One is led naturally
to ask if it can also be used to predict the results
shown in Figs. 21 and 22, or to shed some light on
the principles of multimode probe operation.

hRF HDC ZL 0,Lo

mR F

Precessing
Magnetization

ZIN IRF

0

o hRFds f(mRFl ds
ZIN

Coil Coupled Z 2
Inductance Resonance r U 0C + 2i(u - uO)%

Fig. 9 Impedance at the input to the coupling coil Q 0
for the uniform precession (110) mode, with
the applied magnetic field at an angle. x

22S4 Q
45. ____

'o. _ _ _

It Fig. 11 Equivalent circuit and complex impedance
versus frequency display for the uniform
precession mode.

Fig. 10 Spatial distribution of the precessing The previous theory was based on the construc-
magnetization In the (430) mode. tion shown in Fig. 23. Integration of the gyro-

magnetic Lorentz reciprocity relation over the
developed on the basis of a Lorentz reciprocity re- volume enclosed by the dashed lines - taking one of
latlon adapted to gyromagnetic materials. This the solutions in the relation to be in the presence
theory, which was formulated for one terminal-pair of the flaw, the other in the absence of the flaw -
probes such as the ones used here and also for two gave an expression for the change in ZTN at the
terminal pair probes having both an input and an plane S in terms of an integral of p rturbed and
output, is easily adapted to conventional low-fre- unperturbed fields over the mouth of the flaw. This
quency probes. To do so it is only necessary to method does not appear to be easily adaptable to
reduce the gyromagnetic form of the Lorentz reci- the case of a probe operating in two coupled modes.
procity relation to Its ordinary form and to eli-
minate use of the quasistatic approximation. An alternative approach would be to find for

the equivalent circuit (Fig 7) perturbations of fre-
This theory was applied previously only to the quency and mode coupling due to the presence of a

calculation of the frequency shifts produced by the flaw. The complex impedance curves could then be
influence of a flaw on a probe operating fn the obtained from the equivalent circuit. This method
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X ~RR

R R

Fig. 12 Equivalent circuits and complex impedance plane displays for coupled ferromagnetic resonance modes.

might be implemented in the following way. We sup-
pose that the plane S is sufficiently close to 2
the loop that the quastagnetostatic approximation

is applicable to the entire region comprising the analogous to the corresponding relation applied to
loop. the YIG sphere and the test piece surface. piezoelectric resonators.6 Similarly one can deve-
The uncoupled resonator is defined as having a short lop, Just as in the piezoelectric case, a modal
circuit at the plane S .Orthogonality relations theory for excitation of the resonator by an applied
for the magnetic resonAce modes of this system can voltage at the terminal plane 5 As in'the
be derived from the quasimagnetostatic form of the piezoelectric case perturbation ?orrnulas may be de-
complex reciprocity relation veloped for changes in the modal resonant frequencies
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Fig. 13 Block diagram of electronics used for flaw detection by observing
changes in the resonant frequency of the FMR probe.
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Fig. 14 Schematic of the polar phase discriminator circuit used for
measuring the complex input impedance of the FMR probe.



as a function of the flaw perturbation,
7 
and expres- ment. The basic elements of a theory for this type

slons of the seme type can be formulated for mode of probe operation have been established.
coupling introduced by the flaw. Perturbation
theory provides a useful tool for evaluating the ef- The highest priority tasks for future work are
fect of crystalline anisotropy on the probe behavior (1) development of more stable probe support and
aiid possibly also for the effect of a nonuniform Scanning mechanisms, especially for test pieces of
magnetic field. complicated shapes, (2) measurements on fatigue

cracks under tightly closed and partly opened con-
SUMMARY ditions, (3) quantitative definition of operating

conditions for optimum lift-off discrimination, (4)
A portable instrument has been developed for development of a theoretical base for multimode

measuring the complex input impedance of an FMR probe operation.
probe and displaying it on a storage image tube.
This instrument has an improved signal-to-noise Acknowledgments are due to R. A. Craig and C.
performance and gives clearer and larger displays Fortunko for their advice and suggestions, to J.
than those reported previously. Coupling with James for his expert assistance with the electro-
spurious modes has been identified as probably nics, and to 0. Walsh for probe fabrication.
taking place through the uniform precession mode,
but this remains to be confirmed by further experi-

X S I I
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I I I

I I I
- I 1 1

I I I "

S I I I

I I i Smith Chart
I I I I

Rectangular

Fig. 15 Comparison of rectangular and Smith Chart complex impedance displays.
Dashed lines are constant R and solid lines constant X
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Fig. 16 Block diagram of the small dedicated microwave network

analyser constructed for use with the FMR probe.



Fig. 17 Test setup, showing network analyser with
case removed and storage tube for record-
ing data.

Ih Fig. 19 Detail of probe and magnet assembly.

o .-

Fig. 18 Detail of network analyser circuitry.

Fig. 20 Smith Chart display of probe input impe-
dance adjusted to show many spurious mode
couplings. The trace shows impedance ver-
sus frequency of the probe placed in proxi-
mity to the test piece sup face.
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Fig. 21 Observation on test slot B-4 with length = Fig. 22 Traces analogous to those of Fig. 21, but
2", depth = 0.010" and width = 0.012", in for an EDM notch (length - 0.105", depth =

aluminum (Fig. 19). The outer scalloped 0.024", width = 0.10") in titanium G-4.
curve gives impedance versus frequency and
shows an open loop corresponding to spuri-
ous mode coupling. Scanning the probe over
the test slot at a fixed frequency (-.850
MHz) produces the elliptical trace coming
out of the side of the spurious mode loop.

S-

/ >r,£ s "
S S OUR CE ri

/ '

SI VL M VOLUMEI

I S - "/
FERROMAGNET IC

/-RESONATOR

Ho I
\,PERFECTLY CONDUCTING 1I /

Fig. 23 Construction for the development of FMR probe theory
from the reciprocity relation for gyrotropic materials.
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TWO APPROACHES TO SOLVING THE INVERSION PROBLEM
FOR EDDY CURRENT NDE

T. G. Kincaid, M.V.K. Chari, Z. J. Csendes
K. Fong and R. 0. McCary
General Electric Company
Schenectady, N. Y. 12345

ABSTRACT

The eddy current NDE inversion problem is to determine flaw parameters from eddy current sensor
impedance changes. Two approaches to solving this problem are discussed for geometries with two
components of eddy current. The first is to use the Finite Element Method of numerical analysis to
compute the sensor impedance change for each flaw parameter value. The second approach is to combine
the Finite Element Method with an analytical scattering technique. These two approaches are applied to
the problem of an infinitely long coil surrounding an infinitely long conducting bar with an infinitely
long surface crack. The calculated impedance changes show good agreement with known analytical and
experimental results.

INTRODUCTION

The eddy current NDE inversion problem is to the impedance change formula enhances "under-
determine flaw parameters from the measured changes standing" of the relationship between the flaw
in the eddy current sensor impedance. This is parameters and the impedance change. The dis-
equivalent to determining the transformation advantage is that the formula can only be applied
between the flaw parameters and the impedance to flaws which fit the scattering model flaw
changes of the sensor caused by the flaw. A geometry.
method of obtaining this trnsformation is to find
the electromagnetic fields induced in the material TWO COMPONENT FINITE ELEMENT ANALYSIS
by the sensor, with and without the flaw, and use
these fields to calculate the change in sensor This section outlines the analysis required
impedance. The principal difficulty is solving for computing two component eddy current fields by
Maxwell's equations in the complex geometries the finite element method. The two component eddy
involved. Two approaches to overcoming this current problem can be formulated directly in terms
difficulty are shown for problems with two compo- of a single component diffusion equation in the
nent eddy current fields, and both are applied to magnetic field intensity H. Thus the formulation
an infinitely long coil surrounding an infinitely follows closely that previously presented by the
long conducting bar with an infinitely long radial authors [I], requiring only some notational changes.
surface crack. The results are compared to
previous analytical and experimental work. Assumptions Underlying the Analysis

The first approach is to use the Finite The following assumptions are made in modelinq
Element Method (FEM) to compute the sensor im- the eddy current problem and obtaining the field
pedance with and without the flaw. The impedance solution.
change can then be found by subtracting the two. 1. Displacement currents are neglected and the
An Example of the use of this method has been problem is treated as quasi-stationary.
previously reported for a problem with a one 2. The source current is assumed to be free of
component eddy current field. [l. The FEM eddy current and proximity effects.
approach has the advantage that it can be applied 3. The resistivity of the conducting parts is
to almost any geometry and is capable of very high constant and single valued.
accuracy. The disadvantage is that a separate 4. The problem is assumed to be two-dimensional
computation must be made for each flaw parameter, and linear and all field quantities are con-
which can be expensive. In addition, the lack of sidered to be harmonic functions of time.
an analytical transformation equation hinders 5. The current density is assumed to have compo-
"understanding" of the relationship between the nents along the x and y directions, while the
flaw parameters and the sensor in.,-dance :!jnges. magnetizing field H has only one component along

the z direction.
The second approach is to combine the FEM

with analytical scattering theory. In this ap- Linear Diffusion Equation
proach, the eddy current field in the unflawed
material is computed using the FEM. Scattering For the two-component linear eddy current
theory is then used to compute the fields re- field problem, subject to the assumptions stated
sulting from the introduction of the flaw into above, the magnetic field intensity vector H is
this incident field. A formula is then derived a single component vector given by the solution to
For the sensor impedance change as a function of the linear diffusion equation,
the flaw parameters and the incident field. This
combined approach has the advantages that the FEM I V2-R= (1)
computation needs only to be made once and that

I'!



where: a = conductivity Thus we may write
= permeability

w = radian frequency n(
= k k (4)

Finite Element Representation k=l

Equation (1) can be reformulated in varia- For the second order approximation, the shape
tional terms by energy expressions called func- functions are given as
tionals. The finite element method consists of
discretizing the field region into sub-regions or Ck = 'k (2k -1 ) for k = 1, 3 or 5 (5)
elements and projecting approximations to the
solutions H which minimize the corresponding = for k = 2, 4 or 6 (6)
functionals. This process results in a matrix Ck = p q
equation, which when solved yields the solution to
the eddy current problem. The accuracy of the with p,q respectively (1,3), (3,5), (5,1), and

solution depends largely on the discretization of
the field region and the prescription of a good k= (ak+bkX+Cy)' (7)
solution approximation. For the sake of complete- 2A
ness, the salient steps of the finite element where 6 is the element area, and a b and c are
method are presented below, using a second order defined in progressive modulo 3 ask , k  k
approximation to the field solution.

Representing the diffusion equation formulation X Xm

(l) in terms of a single differential equation ak= ; bk = (yl-ym); ck =(xm-xe) (8)

Dw = f (2) YQYm

where D = the differential operator Thus the final set of complex linear equation;

= the potential function is expressed in matrix form in terms of the co-
f = the source or forcing function, "efficient matrix [S] and the related numericalfn matrix [T], as

the expression for the energy functional is KI[S][o]+jwk2[T][o]=[T][f] (9)
obtained as

F -= ,JDw>-2<If> (3) where kI  k "', 2 :P=

where the inner product < >, represents volume Equation (9) is readily recognized as identi-

integration of dot product of the variables. cal to equation (16) of reference [1M.

Boundary Conditions and Forcing Function

For the two-component eddy current field
problem described above, with a single component
magnetic field H, the field external to the
infinitely long coil is zerc. Also, the magnetic
field distribution in the coil is unaffected by
the circulating currents in the conducting bar.

The value of the forcing function H on the
inner surface of the coil is related to the coil
current density J which is uniform such that2 6

HTI - HT2 = J(0)

Winding Resistance and Inductance

The total energy stored in the system is
obtained by integrating the product of free space
permeability and the square of the magnetic field
H over the volume. Thus the energy per unit length

3- 5 is
4 2WsI /x=l2 II2 oHI2A (11)

Fig. I Second Order Triangular Element 
/ 0

where Q is the length of the bar or solenoid.
We now sub-divide the field region into

triangular elements as shown in Fig. I and pre- Equating the above expression to the well
scribe the potential function o in each element known stored energy in the terminal inductance,
in terms of interpolation polynomials called shape and dividing by the square of the bar coil current,
functions, weighted by function values at the I, we have ,12)nodes. L/P (12)



The power dissipated per unit length in the
bar resistance is obtained by integrating the
ohmic losses over the volume, giving CONTOUR DIVISIONS = 0.9011E-01

/ /2EJ 2 vA (13) NO. OF CONTOURS = 24
e AMU = 0.1257E-05

where the sum is over all triangles, and RHO = 0.5000E-06
FREO = 0.1470E 03

Je = eddy current density

= resistivity of the bar

Note that Je can be calculated from Ii by Maxwell's
equation

vxf j e (14)

Equating the above power loss to the I R

proouct one obtains

1 2 2
R e pA Y e A(15)

12 1 2
pp

2

The results of applyina the FEM analysis to \--\
the problem of the infinitely long conducting bar I \
surrounded by an infinitely long coil are shown
in Figs. (2) through (7). The eddy current density
profiles in the bar cross-section without and with
a crack are shown in Fig. (2) throuqh (5). The Fiq. 3 Imaginary Part Eddy Current Profile in

corresponding impedance plane diagrams are illus- Cross-Section of Round Bar Without Crack

trated in Figs. (6) and (7). The experimental
results in Fig. 7 are those of Forster F4].

CONTOUR DIVISIONS = 0.4988E 00 CONTOUR DIVISIONS = 0.4919E 00
NO. OF CONTOURS = 24 NO. OF CONTOURS = 24

MU = 0.1257E-05 MU = 0.1257E-05
RHO = 0.5000E-06 RHO = 0.5000E-06
FREG = 0.1470E 03 FREO = 0.1470E 03

/i 7- ---- 
-"

Fin. 2 Peal i rt Fddy rurrpnt Profile in Cross- Fiq. 4 Real Part Eddy Current Profile in Cross-

Se(tion of Round lar Wilmout Crak Section of Round Bar With Crack



CONTOUR DIVISIONS = 0.8632E-01
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MU - 0.1257E-05 0 15 zo
RHO = 0.5000E-06 - FEM RESULTS
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5 EXPERIMENT (FORSIER 1954)
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Fig. 5 Imaginary Part Eddy Current Profile in Fio. 7 Comparison of Finite Element Results with
Cross-Section of Round Bar With Crack Experiment for a Crack in a Bar with Circular

Cross-Section

TWO COMPONENT SCATTERING THEORY

/ The Scattering Model

/01 / In the scattering theory approach, the change
---. 98 07958 in sensor impedance is found from the incident

" 7• and scattered fields of the flaw by using the
1 354 reciprocity theorem, as explained by Aul6 [5].

9 For a void flaw in a homogeneous, isotropic,
conducting medium with permittivity, and

8 -- 915 permeabilityL0 , the chanqe AZ in senIor impedance
is qiven by

S.2346 Z l f dv (16)
6 f

__ ,*2 708
L /0 where: I the sensor terminal current

/ 3t028

8 E-= the electric field without the flaw
I'= the electric field with the flaw

/o4 282

/ Vf= the volume of the flaw.

2 ' 77 Therefore, to compute the sensor inpedance

I6 
chanqe, it is necessary to compute the electric

354 fields within the boundaries of the flaw both

28 when the flaw is present and when it is not.

1 2 3 4 5 6 The strategy for computing these electric
Rh..L4 fields is to approximate the incident field

(i.e. the field without the flaw) by a constant

Fig. 6 Normalized Impedance Plane Diaqram for plus a linearly varyinq component, as shown in
Circular Cross-Section Fiq. 8. The respective scattered fields can then

by computed for an elliptir cylinder flaw by
assuminq dipole and quadrupole scattered fields,

i, 4



and matching boundary conditions at the flaw. The The associated scattered current field is a quadru-
resultant field (i.e. the field with the flaw) is pole field. When there is no flaw, the electric
then the sum of the incident and scattered fields. field interior to the flaw boundary is the linearly
(Figs. 9 and 10) varying incident current field (20) divided by the

conductivity.
- M

Ev= y x (21)

When there is a flaw, the electric field inside
the flaw is the sum of a linearly varying andS1 4a "saddle" electric field.

CONSTANT LINEAR

CONSTANT DIPOLE

CONSTANT + LINEAR

Fiq. 8 Incident Eddy Current Fields

In cartesian coordinates, the constant
component of the incident eddy current field is
given by

Jci = iy J ci (17) CONSTANT + DIPOLE

The associated scattered current field is a dipole Fig. 9 Electric Fields for Dipole Scattering
field. The resultant sum field satisfies the
static form of Maxwell's equations and matches
the current boundary condition for a void i.e.
zero current normal to the flaw boundary O=p

The important field for the sensor impedance
change calculation is the electric field interior
to the flaw boundary with and without the flaw.
When there is no flaw, the interior electric field
is the incident current density field divided by
the conductivity

S yci (18)Ec Y 0y ,1

When there is a flaw, the electric field inside
the flaw is the constant field LINEAR QUADRUPOLE

Ec : iy Jci a+b (19)

where a and b are the major and minor axes of the

ellipse. This field satisfies the static form of

Maxwell's equations and matches the boundary con-
dition for the electric field i.e. no chanqe in
the tangential electric field across the flaw
boundary. LINEAR + QUADRUPOLE

Similarly, the linearly varying component of Fig. 10 Electric Fields for Quadrupole Scattering
the incident eddy current field is given by

Jvi M x (20)
vi y
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Fig. 11 Elliptic Cylinder Coordinates Fia. 12 Conducting Cylinder with Tight Surface

Crack

In elliptic cylinder coordinates (see Fig, 11),
this field is given by The problem to be solved here is shown

schematically in Fig. 12. The change in impedance
rv = i -- cosh2Q sin2 (22) of the lossless coil wrapped tightly around the

h ncylinder is to be found as a function of the
htight surface crack depth. The crack cross-

+ M z sinhP coshp (I+cos2o) section is assumed to be a semi-ellipsoid asshown. By letting the minor axis b approach

+ M e 2P cosh2  e2 ° sin2 zero, the ellipsoid becomes a tight crack.

The distribution of the eddy current density
+. M -P 2 2Pit a conducting cylinder with no crack is well

+10  e-2o coshpo e~ cos2 known [6], or can be computed by FEM analysis
as shown above. The real and imaginary parts of

where h is the metric coefficient for elliptic this distribution are shown in Fig, 13 for
cylinder coordinates. Note that the first two gr= V normalized to the eddy current density
terms are the linearly varying field i (m/2a) J(0) at the surface of the cylinder. The constant
x in elliptic cylinder coordinates plus linearly varying approximations to this

normalized incident eddy current field at the

Computation of the Change in Sensor Impedance iurface of the cylinder are shown as dashed lines
in Fig. 13. The real part is approximated by the

The change in sensor impedance due to the constant 1 plus a linearly varying field with

flaw can be calculated from (16). For the sinu- slope A. The imaginary part is approximated only

soidal steady state, the electric fields are by the linearly varying field with slope B.

complex quantities. Thus, when there is no flaw, the aporoxima-

E = E+ j (23) tions to the real and imaginary parts of the
p q electric field inside the flaw boundaries is

r . given by appropriate combinations of (18) and
p q+(21).

Then the dot product in (16) is given by p --- [y +i A] '25)
py y r

" : ([p' p-Eq'E) + j(Ep' q+p') (24)
P gJ) [ B x (26)gq : [y r]

The procedure from here for finding AZ is to sub-
stitute the expressions for the various electric when there is a flaw, the electric field inside
fields into the right side of (24), and perform the flaw is given by appropriate combinations of
the integration indicated in (16). (19) and (22).

'I



Ep i[ay + i Ax (27) of the conducting cylinder, and is given by they b y 2 r well known expression

ATp e-2 o cosh 2  e2p sin2o Br = WoNI (34)

TA e-2Po cosh 2  e2p cos2e] Combining (29) through (32) gives change in18 7 0  normalized impedance of the coil as a function

- J(0) - B x of the crack depth a.
q o [ly r (28)

B -2, 2 2P AZ - 1 (Gjy)'(22  l 4A a 4B1a)](5
.r e  o cosh ep  sin2e ir0T 2 - - - ) + i (I - (

+o B e-2p0 c sh 2p  e 2p cos2e Since Z is a single valued function of the crack
depth a, this equation is also a solution o the

The change in imedance AZ can now be found be inversion problem for the given conditions.

substituting (25) through (28) into (24), and
performing the integration (16) over the semi-
elliptical cylinder volume, and letting the crack
width b go to zero. 1.0 r

It has been implicitly assumed up to this

point that the scattering model is valid for the
semi-ellipse. This is exactly true for the
dipole field, since there is no current normal to

the y-axis. The quadrupole field, however, does
have a component normal to the y-axis as shown in
Fig. 10. This component is very small compared 0.5
to the total current density in the region, and e
is simply ignored. The placing of a boundary Re J(-)
along the y-axis should not significantly change SLOPE
the distribution of the scattered field. A = -1.25 J10)

Carrying out the integration in (16), and
letting b go to zero, gives for the change in
impedance per unit length X

AZ A (29) 0

ol 3 r 3 r NIm J(")
iSLOPE

It is customary in the literature to normalize B = -0.50 J(O)
this change in impedance to the magnitude of the
impedance of the coil with no conducting bar Fig. 13 Eddy Current Density in a Cylinder for
inserted. The magnitude of the impedance per unit qr -
length is given by the well known expression

2(30) DIPOLE + QUADRUPOLE

0 0 EXACT KINCAID(19791
SPAL AND ImAZ

where N is the number of turns per unit length, KAHN (19791 1 Iz
and w is the radian frequency of the excitation. -

The expression for J(0) is given by Hochs- DIPOLE 0 O0

child [6]. a 6r
J(0)= 2oBr

G 
e
jy  

(31)

where: 
W

X EXPERIMENT Air
r- f(gr) - -] (32) FORSTER(19541 00S

G z [Ml(qr) / M0 (qr)] (33)

In these equations, the functions Mn, M and 1I Re&Z a = 2r

are respectively the modulii and ph9ses of the zI ,, ,, ,, , 000
Kelvin functions of orders 0 and 1. The constant -oo -005 000
Br is the magnetic flux density at the surface

Fig. 14 Comparison of Theory and Experiment



Comparison With Other Theory and Experiment

A comparison of the normalized impedance
with other theoretical and an experimental result
is shown in Figure 14 for ga = ,5. The theoreti-
cal results are those Burrows [2] and Spal and
Kahn [3]. The experimental result is due to
Forster [4]. Burrows dipole model shows qood
agreement with experiment only for crack depths
small compared to the skin depth, as he predicted.

The dipole plus quadrupole model derived here
compares favorably with experiment for crack
depths up to one half skin depth. The departure
of the model from experiment for qreater depths
is due to the larqe error in the linear approxi-
mation to the imaqinary part of the incident field
beyond one half skin depth. The exact theoretical
model of Spal and Kahn follows the phase of the
experimental result more closely than the others,
but has about the same difference in magnitude.
This suggests that the experimental conditions
deviated from the model assumptions.
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OVERVIEW OF ECDY CURRENT RESEARCH AT SAARBROCKEN

P. Holler, R. Becker, K. Betzold
Fraunhofer-Institut fur zerstorungsfreie Prufverfahren

D-6600 Saarbrucken 11, Germany

ABSTRACT

The development of an eddy current testing system is described which encloses a 4-frequency test
device as well as extensive computer programs to optimize layout and adaptation to practical problems.
Results obtained on the testing of welds and heat exchanger tubes are presented. The testing aim is
to detect defects and to determine their type and size.

PHYSICAL BASIS , .,,,,.

Starting our investigations in the field of
eddy current testing we had to learn and then to o. . ",.
enlarge the physical basis of the method. We ,° .
studied the correlation between the impedance of /
the coil and the test parameters such as the met- oo si

allurgical and geometrical properties of the spec-
imen as well as the test frequency and the data of ADS
the coil itself. We had in hand the results of the
work done by Forster /i/ and the theoretical ap- o' O tS dA.,,,Ofl-J

proaches going back to Dodd, Deeds et al. /2/. So .
we built up a computer program system which allows .. .
the numerical evaluation of those test situations
where all bordering areas of the coils and the
specimens correspQnd with coordinate planes of the
cylindricr' coordinate system. Therewith the most
important practical test situations can be treated: 0.05

- coaxial encircling coil for a bar or a tube oN os so Z ,5 O0o
- coaxial inside coil in a tube
- pick-up coil above a plate. lmpedace of a pickup coil obove ZfP

U twO layer specimen0949

The specimens can consist of one or two layers 1aoy-n 7 s

whereby the electric conductivity, the magnetic
permeability and the thickness of the layers are Fig. I

the input parameters of the program. The cross
section of the cylinder shaped winding is assumed At four frequencies 10, 50, 150 and 400 kHz the

to be rectangular and its outer and inner diameter effects on the coil impedance caused by variations
as well as its height can be variedt of the material data of the cladding are calcu-

lated. The dotted lines (marked with A) are

The numerical algorithm is based on the corresponding to a lift-off of the coil; The

formulae published by Dodd, Deeds et al. The coil lines marked with B represent the variation of

is composed of infinitesimal current loops. The the magnetic permeability from 1 to 3; curve C

Maxwell equations ive the vector potential of the shows the effect of the increase and decrease of

problem reduced t a single current loop. The the electric conductivity of the upper layer. In

vector potential of the real coil and therewith addition to these effects the measured impedance
its impedance is obtained by integrating the of a slit in the surface of the plate is plotted
vector potentias of the single current loop over (D). The upper starting point of the locus curve,
the cross section of the coil. representing low frequencies, is typical for the

special test configuration. Therefore testing of
In the following some results got by this different specimens with the same coil at low

proceeding are shown /4,5/. frequencies allows to correlate the ordinate

Figure I represents an impedance diagram for the value with the magnetic permeability.

problem of testing the walls of a reactor pressure
vessel. The 'hickness of the cladding is about 6 mm; Figure 2 represents calculated results for

the ferrite content of the cladding causes a mag- a coil in presence of an austenitic (lower curve)

netic perreability of 2; the base material is and a ferritic (upper curve) material. At the

ferrite. The dimensions of the pick-up coil are aforementioned frequency points the lift-off

listed on the right side of tig. I. The abscissa signals and the meazured signals of defects

and the ordinate axes represent the real and are plotted. The low frequency values on the

imaginary part of the coil impedance in presence ordinate axis are I for the austenitic specimen

of the test specimen, normalized by the inductance and about 1,28 for the ferritic material.

of the coil in air. The tips of the impedance
vectors are moving as a function of the test
parameters on locus curves in the impedance plane.



current density of a pick-up coil in two different
tdepths. The winding of the coil is above the

maximum value. One can recognize that the decrease
-. of the current amplitude in the radial direction

t' " | ~of the coil is near the surface steeper than
1/ deeper below the surface.

, , _ __ I_

r7-r

0 4F 42

ke" of a pm*-Up . IzfP P
reChon an the tint partfetfrs D79-2792'

Fig. 2

Figure 3 allows the comparison between two
different coils above a two layer specimen. The
increase in the coil diameter is correlated with , *,, H* edcu- . o-?s-659

greater real and imaginary parts of the impedance of pci? up coil -- p
representing a stronger reaction between coil and _____

material. Besides that there arise other phase
angles between the different test parameters.
These phase angles are, as we can see, a function Fig. 4
of the test frequency and of the coil dimension
and they are the basis of the later on explained
multi frequency method. The eddy current computer-
program system allows a snort and fast overview of
the effects and at least the optimization of the
choice of frequencies.

U

Ca t U. -e.... ...
*.2 d 0-

D-75-6}5? Amhptude of the ed) ccurent density O apCk u

Fig. 5
*6

In Fig. 6 equivalent evaluations for cOaxial
* outside coils are demonstrated. The lines marked

with A are corresponding to an austentic tube
4, ! 34 with a wall thickness of 1.2 mm while the curves

marked with B are corresponding to an austenitic
bar. For the input data of the program therefore

wwo f wo diflfr IzfP follows that the electrical conductivity of
PCk- oils 9-2793 region 1 in the upper part of Fig. 6 must be

0 in the first case (tube) and 1,1 m/or~m," in
the second (bar).

Fig. 3 At lower frequencies there is an obvious differ-
ence between the eddy current density in tubes and

To demonstrate the penetration of eddy in bars; the difference decreases with increasing
currents into the test specimen the figures 4 frequency.
and 5 show the calculated amplitude of the eddy



to get a complete overview of static effects
in tube testing.

In order to know the capability of the theo-
retical and numerical results for the application
on real problems a measuring device has been built

- ,up. There was a good agreement between predicted
and experimental locus curves.

FTHREE MAIN PROBLEMS OF THE EDDY CURRENT METHOD

"'o "..As demonstrated by the examples the impedance
.. of the coil carries the information about the test

parameters; it is measured and interpreted. But
generally, the impedance simultaneously
is affected by several parameters, also by
those which not at all are the subject of the
testing. The type of the parameter which has

-- caused the detected variation'of the impedance

cannot be recognized at once. Therefore, the
•f first of the problems applying the eddy current
IzfP test method is to eliminate the contributions

of the parameters to the impedance and to suppress

- -the contributions caused by undesired or
disturbing parameters.

Fig. 6
In this connection the detection limit for

At least one representative plot shows in the different parameters is important. Related to
fig. 1 'he effects and the problems concerning the defects the detection limit indicates how great
testing of built-in heat exchanger tubes with in- the defect size must be that the variation o% the
side coils, impedance caused by the defect is just as strong

as the maximum of the disturbing background.
Principally, the detection limit is decreased to

I zmore advantageous small values by the suppression
a0.8 of the signals caused by the disturbing pa-ame-

ters. But generally, the suppression succeeds
0,7 not completely, additionally the contributions of

the interesting parameters do not remain unaffect-
ed by the procedures appl ied to realize the sup-

06 -, ~pression of the disturbing parameters. Therefore
L j the second of the problems is the optimization of

0,5 -the detection limit of the interesting parameters.

s "Finally after the suppression of the disturb-

v °0.4" -,-- ing signals, as the third of the problems remains
oy the classification and interpretation of the varia-

tion of the impedance. Especially for the testing

0.3 = of defects it is necessary to distinguish which
9. " ,, type of defect has caused the measured change of

impedance befor the defect size can be
02 determined.

0o 0 3 MULTIFREQUENCY TEST EQUIPMENT /6/

At an early state we understood that the
Im2eecrceofacoaolnsdecooi/ Zr described problems only could be solved by a
,,asSieic ,,be multifrequency or multiparameter approach origi-
(cacul afie 079-2796 nally published by Libby /3/. Therefore, we

developed and built a multifrequency equipment.
Fig. 7 After a first simple laboratory device at present

a fully developed prototype exists which is
At six frequencies in the range of 30 kHz to suitable to application in the field. Figure 8
400 kHz the changes of impedance caused by varia- shows the prototype.
tions of the following parameters has been calcu-
lated: electric conductivity, magnetic permeabili- In contrast to the common concept where the
ty, inner and outer diameter of the tube. The several test frequencies are fed simultaneously
effects of the ferritic tube plate and of a ring into the coil and processed in parallel channels,
shaped austenitic tube support plate can be simu- we have realized the multiplexing concept. The
lated in the computer program by the material data principle is shown in Fig. 9. The frequency is
of a second layer. All parameters standing in the changed sequencely step by step so fast that the
schedule in the right half of Fig. 7 (RI, R2 inner time needed for one cycle is so small that, de-
and outer radius of the coil; L length of the coil; pending on the scanning speed the test parameters
N number of turns; L inductance, s diameter of the remain unchanged. The lowest frequency limits
wire) are input parameters and they can he varied testing speed.
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Li

Block diogram~~ of a multi freqjecy I Zf P
eddy current system 0 79-2790

Fig. 8

Under the condition that the clock frequency Fig. 10

is sufficiently high, both concepts yield the same
results. But concerning the realization and the The output voltage of the test frequency gen-

universal and flexible applicability the multiplex erator drives a current source which impresses a

concept has some advantages: constant current into the coil. The amplitude and
the phase of the voltage at the coil is affected

- the electronic expense is independent of the by the properties of the specimen. The complex

number of frequencies, voltage at the coil is splitted into a real and
an imaginary part.

- the frequencies can be tuned continuously and
in a wide range; there is no need for band
filters,

- cross tal k between the frequency channels
does not exist.

'34

If frquency control7928

Fig. 11

IzfI P 
oo, F o

The further processing of the two components of
SlzfP t,,,,pleX concept 079-271 the voltage at the coil is performed digitally.

At first, there is a network to compensate a
Fig. 9 given voltage zt the coil and to fix any zero

point in the impedance plane. The following net-

Figure 10 shows a simplified block diagram of work performs the suppression of the disturbing
the prototype. signals. This network is controlled by a p-Pro-

In Fig. 11 the frequency control is drawn cessor and composed of fast computer modules to

separately. Four variable DC-voltages are fed into execute additions and multiplications.

the VCO-input of a generator. Varying the voltages
the 4 test frequencies can be adjusted in the range MULTIFREQUENCY APPROACH /7/

of 50 Hz to I MHz. The test frequency generator
yields two output voltages with 900 phase shift one The algorithm applied to suppress the

against the other. The multiplexer is controlled by disturbing signals is described in Fig. 12 for

the clock frequency oscillator, a particular example.
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THE OPTIMIZATION OF THE TEST FREQUENCIES /8/

It can be seen from Fig. 12 that the de-
scribed algorithm not only suppresses the signals
caused by the disturbing signals but also reduces
more or less the defect signals. A measure for the

____ projection losses is the angle a between tbe
defect vector PF and the read-out vector V.This
angle is a function of the applied test frequen-
cies. Therefore a frequency combination is optimal
when the angle a is as different to 900 as
possible. Especially when the quantity of the

f. needed frequencies is high there are many frequen-
cy combinations which must be examined. Therefore
we have developed a computer program which per-formes the choice of the frequencies automatical-

ly. Applying the method described in the first
scinwe determine numierically the relevant

disturbing vectors as a function of the test
i. frequency and the coil dimensions. Therewith and

with the measurement of a reference defect vector
72the angle is computed for all possible frequency

Prncpb oflt multifrequu0cy - combinations. Figure 13 shows the result for a

tzfP particular example in the field of heat exchangertesting. To suppress the disturbing signals caused
by the tube plate, tube support plate, by varia-

Fig. 12 tion of conductivity of the tubes we must apply
3 frequencies. In the suitable frequency range

The task shall be to detect defects in a heat of 30 to 400 kHz we designate the 9 frequencies
exchanger tube. Disturbing signals are caused by coming into account and listed at the right of
the tube sheet and by variations of the diameter Fig. 13. Beside the frequency table the material
of the tubes. A general rule says that to suppress properties and the coil data are described
the signals of n disturbing parameters at least (a electric conductivity, p relative magnetic
n+1 independent measured values are necessary. permeability, R, and RA inner and outer diameter
Therefore in our example we need three independent of the tubes, R1 and R2 inner and outer diameter
measured values which can be the real and imagi- of he coaxial coil, 1 length of the coil, N
nary part of the voltage at the first frequency number of turns, L inductance, s diameter of
and the real or imaginary part of the voltage at the wire). Diagonally through the picture tables
the second frequency. These measured values prod- with squares are depicted. The triples of numbers
uce a 3-dimensional vector space; its coordinate in the squares characterize the frequencies
system is plotted in Fig. 12. In a first step the of the corresponding combinations.
calibration of the multifrequency system must be
performed. The reference point of the measurement
is a defined position on the tube where no disturb- ... .
ances exist. Now the coil is brought at a position --

below the tube sheet, outlined at the left of I
Fig. 12. The alterations of measured values re- I
lated tothe reference point form the 3-dimensional
vector PR. In the same way the measured values at . T
a position shown at the top of Fig. 12, where the
diameter of the tube is decreased, give the vector

Both vectors spread out in the 3-dimensional , 1 "i4 - -
space a plane grey-coloured in Fig. 12. In this
plane lie all measured vectors aiich are caused by .41: , , , I_. A
the two disturbing parameters in each combination
and superposition. The strength of the alteration ." |
of the disturbing parameters is expressed in the
coefficients cR and cD. Obviously the coefficient IzfP Z' . . ..
CR only can have the two values 0 or 1. In a com-
puting step consisting in solving a linear
equation system the read-out vector V is deter- Fig. 13
mined in such a manner that it is perpendicular
to the plane of the disturbing paramet rs. The table at the left contains all combinations

With the knowledge of the vector V the with the first frequency, the following table
calibration step is finished. Now testing can be the combinations with the second frequency
carried out, where the measured values arising etc. Beside the numbers in each square a sign
during the actual test performance are projected is written which weights the ability of the
onto the read-out vector V. In the severest case, appertaining frequency combinations. The signs
outlined at the bottom of Fig. 12 we have a are declared at the left at the top in Fig. 13
simultaneous superposition of the defect signal PF and correspond to the angle . . The test frequen-
and two disturbing signals. But realizing the cies with the smallest projection losses and
projection the contributions of the disturbing therefore with the best defect detection limit
parameters are suppressed and only a defect signal are marked by crosses. The result shown in
Is read. Fig. 13 is valid for an artificial slit at the
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outside of the tubes and a depth of 0.7 mm. The
wall thickness of the tube is 1.3 mn.

SEVERAL APPLICATIONS ""°

Testinof welds - In Figure 14 on the right, -oom
a f rtic specimen is outlined which is cladded
by an austenitic steel. In the welding two pulsed so, - Is
fatigue cracks are present. Just there, the
distortions caused by material alterations
(a and p) and lift-off are especially strong. ,
The testing is made with an absolute pick-up coil 1_0_W

which is moved in several traces over the surface.

• I -70I inspection of an oustenite welded joint I UP

'00kHZ Wl. oCk sFig. 15

Figure 16 shows the testing results of a
ferritic welded joint, in which two natural sur-
face cracks are present. In the area of the

iah, crocks welding the specimen is scanned in several traces.
: ; The plots demonstrate on the left the signals

100 .3OOkHz caused by the slits, followed on the top by the
signals caused by the defect 1, which is indicated
four times corresponding to the four traces meet-
ing this defect. Subsequently one can see the
defect 2, which is indicated at first with in-

747 Inspection of a cladding surface lZfP creasing and then with decreasing depth. The plot
on the top is the result of testing by means of
two frequencies. In contrast, if the testing is

Fig. 14 performed by means of one frequency, as shown at
the bottom of the plots, the defect depths are

In Fig. 14 on the left the results of testing with read out falsely and defect responses appear,
one frequency (100 kHz) and with two frequencies where no defects are present. So the defect 1
(100 and 300 kHz) are compared. Slits with differ- is read out with the same height as a saw cut of
ent depths are used to weight the defect depths. 4 mm depth, whereas, if working by means of two
The signals caused by these slits are shown on the frequencies, it is weighted as a slit of 1.5 mm
left of the plots, followed by signals which appear depth.
along an inspection trace over the actual specimen.
It can be seen that at the bottom of the plot the
disturbing signals are reduced strongly; the re-
maining signals have the same indication peak as a
slit of 0.5 mm depth. The pulsed fatigue cracks
give signals which correspond to a slit of 3 mm 4

depth. .j
Figure 15 describes the results of testing an ... .. 0 21

austenitic welded joint. The material properties
between the welding and the basic material differ. .4,

The two outlined pulsed fatigue cracks in the
welded joint are measured. At first the signals
caused by saw cuts are shown on the left of the
plots, followed by signals along an inspection
trace which meet both cracks in the welded joint.

The signals caused by the cracks are totally masked -77-1706 lnspection of a feffre welded Jont 1zfP

if the testing is performed by means of one fre- F
quency (100 kHz), whereas they are clearly read
out if the testing is performed by means of two Fig. 16
frequencies (100 and 300 kHz). The disturbing
signals caused by the welding are suppressed as Testing of heat exchanger tubes - The testing is
well as those caused by lift-off. The remaining performed with an absolute coaxial inside coil
disturbing signals have the same indication peak which is moved through the tubes. Figure 17 shows
as a saw cut of 0.5 mm depth. The pulsed fatigue the testing result obtained with the three fre-
cracks are indicated with different height related quencies 75, 200 and 400 kHz. At the bottom of
to their different depth; they produce the same Fig. 17 the defect signals are superimposed by
signals as slits of 2 mm and 3 mm depth. disturbing signals caused by the tube sheet, by

the tube support plate, by variations of the inner
and outer diameter of the tubes and by coil
wobble. After the processing of the signals

0n



The results show that the 30 % axial and the 25

obtained at the three frequencies the upper plot azimuthal slit can be detected certainly even when
in Fig. 17 indicates only defect signals. they are located below the tube sheet or tube

support plate. It shall be emphasized that in all
cases an absolute coil is used.

INTERPRETATION AND CLASSIFICATION OF THE DEFECT
7 t--SI GNALS

The multifrequency algorithm described in
.. ... .... . . ...---. chapter 4 yields a one-dimensional read-out value.

-- - -- As be done in the preceding chapter the read-out
value can be weighted by artificial reference
defects with known depths and equivalent indica-
tion peaks. But it is not possible to distinguish
which type of defect has really caused the read-
out value. It is obvious that before the defect

dW size can be determined it is necessary to know the
defect type. To enable this we apply the following

Izf P ,ah-3tube wh ue 0 method. By means of adding at least one additional
7IzfP .. trq,.s5 20aOOnd0OkHz D79-278 measured value (this can be the real or imaginary

part of a new test frequency) or replacing the
test frequencies by completely new ones the multi-
frequency algorithm is applied two times. In both

Fig. 17 parallel channels the signals caused by the
disturbing parameters are suppressed. Under the

One can recognize three times the indications of condition that the two combinations of the
three slitso(O.85, 0.7 and 0.4 mm depth, 0.5 mm processed measured values react in a different
width, 1.2 mm wall thickness of the tubes) which manner upon the different types of defects one
are located as well in the free part of the tubes obtains a two-dimensional read-out value. Display-
as below the tube sheet and tube support plate. ing the two channels on the horizontal

and vertica, deflection of an oscilloscope one
Figure 18 indicates the defect detection limit for achieves the results:
the same application. The plots show

- the disturbing signals are suppressed and
la: disturbing signals caused by the tube sheet, concentrated in the zero point of the screen;

the ring shaped and the grid shaped tube
support plate; - the defects give indications with different

phase angles corresponding to the different
ib: the remaining underground of the disturbing defect typs;

signals after the processing;

- the peaks of the defect indications are
2a: disturbing signals as in la but superimposing correlated with the defect size.

defect signals;
Using a computer program similar to that described

2b: the same signals as in 2a but after the in an earlier ch'pter, the angles between the
suppression of the disturbing signals. The phase directions belonging to the different defect
defects are outside slits in the axial types can be optimized.
direction of the tubes; their depth related
to the wall thickness is marked in the In the middle of Fig. 19 a heat exchanger
Fig. 17; tube with the tube sheet, the tube support plate

and several types of defects is outlined. Real-
3: defect signals of outside slits in the izing the above described method and processing

azimuthal direction of the tubes. the two frequency combinations 200/340 klz and
100/200 kHz one obtains at the right of Fig. 19

the indications caused by the named defect types.

..sw Displaying both read-out values in the described
so T it manner on an oscilloscope one obtains the deflec-

tions shown at the left of Fig. 19. The upper
picture differs from the lower in the depth
of the outside notch (60 % and 90 % of the wall

7. thickness) and in the diameter of the hole (0.8 pwnI- " ! F
' 

.... |',: :.' : , I and 1.5 ram, both 100% of the wall thickness deep).
P,-~ Both times the alterations of the diameters are

d d "M _. __ d the same.

Figure 20 shows for the same test situations
the indications for some other type of defects. in
each case the plot and the picture beside them

efp~cfpon jwts n h@& exc/hatt tube test,ng D 79 -2791 belong together.
with a noultt# frouen y System

Fig. IF
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Department of Physics and Astronomy, University of Tennessee

Knoxville, Tennessee 37916

C. V. Dodd
Metals and Ceramics Division, Oak Ridge National Laboratory

Oak Ridge, Tennessee 37830

ABSTRACT

By proper choice of materials, dimensions and circuit parameters, it is possible to design a linear
displacement transducer, or extensometer, to have zero net thermal drift over any given temperature range.
The chief limitation is the inability of wires and insulation to withstand very high temperatures. An
extensometer has been designed and tested which could theoretically measure displacements up to 150 mm
with a maximum error of .0.15 mm caused by thermal effects over the temperature range from O° to 1000'C.
Experimental limitations prevented testing at temperatures higher than 500'C, but measured and theoretical
results were in good agreement over that range. The principles involved in the temperature compensation
will be discussed.

When eddy current tests must be made over a R1E -

thermally-caused errors. The resistance of the '-, , -C ,7
coils may change; the resistivity of the samples I ,, , .."
may change; thermal expansion may change all of the O ,L Z' ,,,
dimensions, and, at very high temperatures, the
structural integrity of the coils may fail.

In the design of an induction extensometer to Fu. 2 I)cslgna ion of arlon - ponnl and oion lo

be used at high temperatures,1 ways were found to measuring equpmenl [Isinaln i and value% V. z I(I V. 1,

compensate for all of these sources of error, ex- C, = io pF, R, - R. = MI 5 if. R, R, 17 II. iN - 3W

cept the last. The extensometer coils were wound
of Secon alloy wire with baked-ceramic insulation The performance of the system was calculated
on a fused quartz coil form and should be usable to using computer programs2 developed at Oak Ridge
1000°C. The driver and pickup coils were inter- National Laboratory. If the coils are wound on a
wound as a bifilar coil with a common ground, as coil form of negligible thermal expansion (such as
shown in Fig. 1. The associated electrical circuit fused quartz) and are inside a conducting tube, the
is shown in Fig. 2, where ZD is the driver coil tube will expand away from the coils as the temper-
impedance, ZpU is the pickup coil impedance, and M ature is raised, decreasing the "fill factor" (or
is their mutual inductance. The discriminator meas- increasing the "lift-off"), and producing a de-
ures the phase difference between the driving cur- crease in the phase change, as shown in Fig. 3. On
rent I, and the jutput current 14 . Actually, the other hand, if the coils encircle an inner con-
changes in the phase difference from the value when ducting rod or tube, the inner conductor will ex-
the coils were in air were measured and called the pand toward the coil, increasing the "fill factor"
"phase shift." and increasing the phase difference, as shown in

Fig. 4. Since the expansions of the inner and
outer conductors produce phase shifts in opposite
directions, the combination can be made to produce
zero phase shift over a given temperature range if
the coil is sandwiched between an inner conductor

INNER and an outer tube, as shown in Fig. I and the top
part of Fig. 5. The inner radius of the outer con-
ductor necessary to compensate for the thermal ex-

- pansion effect is plotted as the curve marked R in
the lower part of Fig. 5 as a function of the outer
radius of the inner conductor. L6oth radii have
been "normalized" by dividing by the mean coil

OUTER radius, r, and the point marked "A" indicates the
CONDUCTOR combination of radii for the extensometer as con-

structed.
The dimensionless quantity r' , ,,, where ., is

the angular frequency, o and . the permeability and
COIL FORM conductivity of the metal, respectively, describI.s

the dimensions of the coil in terms of the penetra-
F,,. I Cucqandrw,,n ,,f .le, ,,Io ,l,,.inaoh,nner nd tion depth of the eddy currents at the given fre-

quency. For given geometrical dimensions and mate-
rial properties, there will he an operating fre-
quency, /2-, for which the total phase shift
pro(uced when the col is insertPd ',,.ween the



extensometer actually constructed), the paint marked
5"B" corresponds to the same inner conductor radius

as the points "A" and "C and indicates that there
rlwpV U-CONS T ANT -should be a phase shift of 25.480 as the coil is
A~ CONSTANT tO 46. withdrawn from the conductors. Figure 7 shows the

- measured phase shift versus displacement for the
actual coil,* which was 150 mm long; the non-linear-
ity was caused by end effects and was quite repro-

- ducible.

COI FR&A T

cCONPn 03

.0 T

, 7 A, .. 0"

AI MUSi OF PAPER CODCTOR L. -
No . WAR RADIUS OIL OUTER PIPE , . M0

0o is 20 25 0 OVTER RADIUS3 OF 0( Pifl MK - 3011

RADIUS OF 0UTER COOUCIOt i. ,NRAISOFOTE I

Ft 3. Phase shift versus radius of outer conductor for conlstant ;# -W. ~0 aistsSi-vIY

*~ ~ ~~~~. a00* SO*0SO 30a 1Cii1R 20 P''V

S AS as

24~W -i0 Si

22 5 2.5 it.

.0 1 j12 I 21 0

5 40 1522

RAISO -NE CONDUTOR(-3 96 ea

OF INE LODCO

Pt0. S Outer conductor radius. optimuran wmui. and phase shift as
conductors or withdrawn from them) will be a maxi- function, of inner Conductor radius

mum. Figure 6 shows the variation in this total
phase shift for various values of r2,j near the
maximum. From this we see that, if the conductiv-
ity a and permeability w~ of the material change over
the prescribed temperature range, the value ofw
can be chosen so that the extreme values of F'p
will be equally spaced on opposite sides of the
maximum, for example, at the points marked A02( and O[

OR
A11000 in Fig. 6. corresponding to phase shifts at
20'C and 1000%C, respectively. Thus, the phaseDO
shifts at the extremes of temperature will be the I /
same, and the errors at intermediate temperatures
will be very small. The curve marked rwo in Fig.
5 gives the value of that quantity producing the
maximum phase shift as the coil is withdrawn from
between the conductors; it is shown as a function
of the normalized radius of the inner conductor, 0011; 046O

and the point marked "C" is the value corresponding
to the radii designated by the point "Ai" (in this Ft. 6 Change in phase shaft versus relative value 'Ifruae
case, rsi, = 9.34). Using the frequency necessary
to produce this "optimum' value of e

2i.,W, the phase
shift that will be produced is shown by the curve
marked "PHASE SHIFT." For this example (and the
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The final source of thermal drift to require
compensaticn is the change in DC resistance of the
coils. If the series resistance RD in the driver
circuit and the shunt resistor R9 in the pickup
circuit have the proper relationship to the other
circuit parameters in Fig. 2 (the cable capaci-
tances, C6 and C7 , the coil resistances, RG and R7,
and the coil inductances, ZD , Zpu and M), then the
output phase shift can be made to have zero net
change as the coil resistances are changed from
their minimum to their maximum values, thus compen-
sating for the final source of possible thermal
error.

The extensometer design indicated by the
values listed in Table I was constructed using
Inconel for the conductors and Secon alloy wire for
the coils on a quartz coil form 150 mm long. It
could only he tested to 5DO°C, but the measurements
accurately confirmed the theoretical predictions.
If the values of R0 ard R9 had been chosen properly,
the maximum thermally caused error of displacement
measurements would have been 0. I of ful scale
over the full temperature range from 00 to 1000

0
C.

TAnt I I O ensons of Inconel extensomeier

Actual
(mi) Normalized

Mean coil radius 6 07 I 00
Inner radius of inner conductor 000 000
Outer radius of inner conductor 4 76 0 74
Inner radius of outer conductor 8 93 I 471
Outer radius of outt. conductor 10 2 1 673

We wish to thank the Metals and Ceramics Divi-
sion of Oak Ridge National Laboratory for use of
their facilities during the course of this investi-
gation and the Computer Center of The University of
Tennessee for much of the computer calculations.
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AC MAGNETIC FIELDS IN THE VICINITY OF A CRACK CALCULATED BY ANALYTIC AND NUMERICAL METHODS

A. H. Kahn and R. Spal
National Bureau of Standards

Washington, DC 20234

ABSTRACT

We report calculations of the impedance of a long solenoid which surrounds a cylinder of conducting
material containing a radial surface crack. The calculation is accomplished by two independent methods.
The first method expresses the field in the interior of the "cracked" cylinder as an infinite series of
cylindrical Bessel functions. The coefficients in the series are determined in principle by boundary
conditions; the most significant terms are calculated by solving the finite set of equations obtained by
truncation of the series. The second method, applicable to any uniform geometric cross-section, obtains
the impedance from the normal derivative of the field on the boundary of the conductor. This normal
derivative satisfies a (boundary) Fredholm integral equation of the first kind; a solution is obtained by
discretizing and solving the resulting linear system of algebraic equations. The impedance is calculated
for a wide range of values of the ratios of crack depth-to-radius and radius-to-skin depth. The results
are displayed in graphical form giving the fractional charges of the real and imaginary parts of the
complex impedance induced by the presence of the crack.

We consider an infinitely long conducting cylinder with a thin radial crack as shown in Fig. 1 and
Fig. 2. The goal of the calculation is to obtain the familiar impedance diagram, i.e., a plot of imagi-
nary versus real part of the impedance of a surrounding coil (with unity filling factor), when the ratio
of radius to electromagnetic skin-depth is varied. The eddy current equation shown in Fig. 3 must be
solved for the field in order to obtain the impedance.

An analytic solution can be obtained by a generalization of a closed form expression for the case
when the crack depth is equal to the radius. To apply the boundary conditions on the circumference, it
is necessary to transform coordinates through use of the Besse] function addition theorem. The form of
the solution is shown in Fig. 4. The coefficients A are obtained by truncating the series at 30 to 40
terms and solving numerically. Accuracy of the impegance is estimated as better than 0.05% in the range
covered.

An alternate approach is to use Green's theorem to recast the differential equation of Fig. I into
integral equation form. This approach has the advantage of being applicable to any shape of cross-
section, although here it is used only for the circular cylinder with a crack. In Fig. 5 we show the
integral equations which apply with and without the crack. Subtraction of the two provides simplifi-
cation and yields an equation for the perturbation of the normal derivative of the field at the surface,
induced by the crack. The change of normal derivative is calculated numerically by discretizing,
applying approximation techniques, and solving the resultant linear equations. With 64 collocation
points agreement with the eigenfunction method is within 1%.

The resulting impedance plot is shown in Fig. 6, where arrows indicate the shift of points, induced
by the crack, corresponding to representative values of a/6 (the ratio of radius to skin-depth). We see
that the shape of the impedance curve is changed only slightly, but that representative points are
shifted significantly along the curve. At low frequencies the crack impedes the flow of penetrating eddy
currents, decreasing the loss; at high frequencies the current is confined to the surface and the crack
increases the loss through the increased surface area. At all frequencies the inductance is increased by
the crack, corresponding to enhanced magnetic flux penetration. In Fig. 7 and Fig. 8 we show numerical
results for the fractional change of the real and imaginary parts of the impedance as a function of crack
depth for a representative range of values of a/6.

tMailing address: Department of Physics, University of Pennsylvania, Philadelphia, PA 19104.



CYLINOER P"

\ CRACK DEPTH d

0 a-d a

Fig. 1. Segment of an infinite conducting Fig. 2. Cross-section of the cylinder showing

cylinder with a radial surface coordinate systems used in the analysis.
crack. The cylinder is placed Point P is a general point which may
in a coaxial solenoid and the be expressed by (r, () measured from
chinge of impedance due to the center, or by (R, p) from the crack

the crack is calculated. tip.

(v2 + k2 ) H(r) = 0 H = magnetic field
a = conductivity

k2 = w = angular frequency
w = permeability

k = (1 + i)/6 6 = skin depth
k = propagation constant

-it
Time factor = 

e

Boundary condition: H = H0 on surface

Impedance:

Z Lk2n'2 FIrdrd. H(r)/H o

or

Z=Ln' -2 1 dSB
z Lo - d S°

a f0 an 0  o

L = length of solenoid

n' = reciprocal of pitch

Fig. 3. Eddy current differential equation and related quantities for two-dimensional problems.



Elgenfunction Expansion

= Jn +(kR)

H(;)/H o = cos(kR sin ) + An n + k sin (n + ),
n=o 3 + (

n+ + (k(a-d))

AJ (kr)cosz,
SA i n + (ka)

for r <a-d

= cos(kr sin 
o) +

A J -n (k(a-d))

n 0 n + (ka) JQ+ kr) sin ( + ).

for r > a-d.

Fig. 4. Form of solution for a crack in a circular cylinder. The second
version, obtained by the application of the Bessel function addition

theorem, allows application of the boundary conditions at r = a.

Integral Equation Formulation

With crack: r - G( r S

H (dS Jo H(So)dSo
. 0

where G(r,r') irH0
i) (kir-r'l)

without crack:

H(r) = f G(rS) -H dSo 1 0 H(So)dS o
5n0  Jan 00 00 0

= Ho0 Jo0(kr)/do0
(ka )

Subtract, let r-.S, simplify:

0 5 on circle

1 G(S, So) ~Wyr 0 n 0 0Jo(kr)

0 H0 odo 1 0  (kr) S on crack

Fig. 5. Integral equation formulation for two-dimensional eddy current
problems. In the last equation A represents the perturbation of
the normal derivative of H, on the boundary of the conductor, pro-

duced by the crack.



IMPEDANCE DIAGRAM FOR A CYLINDER
WITH CRACK DEPTH EQUAL TO 0 5 X RADIUS

SOUID CUMV WITH 010 LAACK

ARROWS INOICAL SHO GU 10 CLACK Fig. 6. Impedance diagram for a demonstrative case.
10 Arrows drawn to Scale, show the shifts of

1.0 selected a/6 points induced by the presence

0.8VALUES OF of the crack.
08 -15a/

IMAGINARY
PARTO 

06
NORMALIZED 2 0
IMPEDANCE 0.4 2

02 - 50
10 0

00 0 2 04
REAL PART OF

NORMALIZED IMPEDANCE

a=CYLINDER RADIUS
6zSKIN DEPTH

4.0
3.0 , .. I

d ITHZ,

0.5 2.5

2.016

1.1 ~ ~0 0 0 0 i

04 d A s 1

1.0Fig. 8. Fractional change, due to the crack,
a us0.5. 0.2- of the imaginary part of the imped-

05dis . ance as a function of d/a for selec-
ted values of a/6.

Fig. 7. Fractional change due to the crack, of the
real part of the impedance as a function of
d/a for selected values of a/e.



IMPEDANCE OF A LOOP WITH A CYLINDRICAL CONDUCTING CORE

S.A. Long, C.G. Gardner, A. Zaman, and S. Toomsawasdi
Electrical Engineering Department

University of Houston
Houston, Texas 77004

ABSTRACT

The change in complex impedance between an ideal one-turn coil surrounding and coaxial with an in-
finitely long circular cylinder of conductivity o and permeability . and a similar coil without the core
has been calculated. From the exact expression a power series in (6/b)(6 = skin depth; b = radius of
core) has been developed. From this result the change in impedance of a physically realistic multi-turn
coil can be estimated with reasonable accuracy. The theory permits a rational approach to optimization
of the design of eddy current test coils and provides a basis for the later calculation of the effects of
discortinuities in the core.

INTRODUCTION

A notable omission to the present body of
knowledge dealing with eddy current testing is the REGION REGION REGION
lack of an adequate theoretical basis for the inter- IT IT
pretation of changes in the impedance of the test
coil. This deficiency remains, even though the
fundamental theory is well established, owing to
the mathematical difficulties involved in solving
the equations for practical test-coil and specimen U
configurations. A complete solution in analytical CONDUCTING
form seems to exist for only a few idealized cases CORE
which do not necessarily approximate practical b
problems of current interest.

The program selected for study in this inves- -

tigation is that of an idealized one-turn coil (or -
loop) around and coaxial with a long, solid, elec-
trically conducting cylinder. This arrangement is
illustrated in Fig. I and shows the loop with
radius a and the core with radius b and conductivity
o. The theoretical treatment will assume that the SIN
core is infinitely long. (This approximation should COIL
produce very small errors as long as the distance
from the position of the loop to either end of the
core is large compared to the dimensions of the loop
itself). This problem has the advantage of being
simple enough to permit a meaningful approximate
solution to be found while still corresponding to a
practical eddy current testing situation. The re-
sults show how the complex impedance of the test
coil changes when a cylindrical specimen is placed
inside the loop and how this impedance is a function
of the geometrical and material parameters of the
cylindrical core.

THEORY
Fig. I Loop with Cylindrical Core

A theoretical treatment of a geometrically
similar oroblem has been previously reported by magnetic vector potential A in terms of the im-
Islam. (1l In this work, however, the emphasis was pressed current density J.
on the radiation properties of the configuration
and thus only a high frequency approximation was V + k2  A -wJ
attempted for the case of a magnetically permeable
cylindrical core. The case of interest in this Using the standard eddy current approximation of
work, that of an electrically conducting core at neglecting the displacement current terms and rg-
much lower frequencies, may be attacked in a similar cognizing that the vector potential has only a o
fashion but is essentially a completely different component which depends on r and z, the left hand
problem. From Maxwell's equations for time-harmonic side of the equation becomes
fields one may derive the wave equation for the



2 2 A ~l aA a 2A A
v2 A= -( [ -(r LI) + -1] The first of these integrals can be shown to be

r 2  r exactly the contribution to the vector potential
due to the loop itself if the core were not pre-

32A 3A JA 2  sent at all. (This term is singular in nature.)
2  + _A + -.- ] The second integral is the contribution due to the

3r r r 3z eddy currents and thus represents the difference
in the vector potential with and without the core

Equating this expression to the source terms due present. This term now called AA¢ may be expanded
to the loop current and the induced eddy currents as an asymptotic series.
one obtains the equation for the vector potential
in each of the regions shown in Fig. 1. AA poi0 a _0 Ii (kb)K 1 (ka) dk + T 1)K (k)

A-woio6(z)6(a-r); r>b TT O KI(kb) O K1 (kb)

+r F A-AT 2(y)kbK (kb)K2(ka )
ar ? r r2 + z -

2  = 0 b dk
jwpoA r.,b 0 K3(kb)

where u0 is the permeability of free space, i0 is 1 If{)
the magnitude of the impressed loop current, w is where T( ) = -
the angular frequency of the time-harmonic fields, Y TOY7
and w and a are the permeability and conductivity It should be noted that the dependence of A.
of the core. The presence of the impressed loop on the material parameters p and o of the core is
current at z=O, r=a is represented by the two completely contained in the T(y) term. Using the
6-functions. asymptotic series for the modified Bessel functions

the following expressions can be found.
The solution to the equation may be found us-

ing a cosine transform. T(y) '- --- _+1 ~ Y 2y2  "..

A (r,z) = 0 g(r,k)cos kz dk 2

0 7T FOand y = jKb = (1+j) b
with the following functions defined for each of
the three regions. where the skin depth is given by 6 = v2/l.o. One

2v  2 may then divide the contributions to A into real
,k2+jK2r r'b and imaginary parts.p01al 16. a 1 6 3 a

g(r,k) = C211(kr)+C 3 Kl(kr) b~r<a AA ' 11 ab {-No(a) + 12b)N (a) - 4(b) [N2 ( )

r~ +N 3 O1 pia 1 6 a - 2F Nl( )
C4 Kl(kr) r>a + N-()]) WT ()N -I

%Nhere I and K12are the modified Bessel functions
of order one, K = wu, and C1,C2,C3, and C4 are + N2() + b a + b ()]
constants to be determined by the boundary condi-
tions.

where the following integrals have been defined
Since the quantity of primary interest is the and are seen to be only a function of the ratio

vector potential in the vicinity of the loop, the a/b. (n = kb)
simplest expression is that for Region III for 2
which only C4 needs to be found from the standard I I(n)K(,, a)
boundary conditions. NO(A) =J KI(n) dn

= kb 10 (kb)I (y)-rIo(y)lj(kb) 2 a
WO'O Tk-T] la) = Kl(r) 6)C4 PiaJ~a+ka Il(y)K0(kb)+yIO(y)T1 k) N 6 b _ r

K1 (ka) } K1 (,))(2 a

where l0 and K0 are the modified Bessel functions N2(d) = F 0 b)
of order zero and y = (kb)'+j(Kb)V. Using this 2b 0 K3(n)
expression the value of A, along the loop at z=O, 2 1 2 a
r=a can be found. F K0 (n)K1 (T E)

0a ~ ia ,'N -) =
A (a,O) fo1oa I(ka)K (kr)dk + W _ AV(-) d

4t 1o 71 F
The apparent change in the driving point impedance

kb 0 (kb)l11 (Y)-ylo(Y)l (kb) 2 of the loop is
1kb I1 (y)Ko(kb)+yIo(y)Kl(kb)] l ------ j w AA 2 a
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From the previous expressions the changes in in- are actually the radius of the core b and the con-
ductance and resistance can be found to third ductivity of the core material o. To illustrate
order in 6/b. the changes in impedance for variations in b about

a nominal radius bO , the graphs in Fig. 2 and 3
A a2 {Na2 )a 16 a 63are shown. In Fig. 2 the normalized change in1 b l 1( 3 resistance is shown versus the quantity b/bO . The

AL = -2W0 b-- A - b)Nl() + 
-(6) [N b)

nominal radius b0 may be any value as long as our
restriction of 6/b0 << I is satisfied. The value

+ N3()]} of a/b0 = 1.25 was chosen to be representative of
a real coil design which couples strongly with the
core. A family of curves is also shown for several

2 162 1 a values of 6/bO . It is noted that all the curves
AR- 2'b' A + N approach zero as b/b0 is decreased and become veryR 2 b 0  b 2Tb b2 2large as b/b0 approaches 1.25 which is the posi-

1 6 3 a tion of the driving loop. A similar set of curves
(6) [N2b +N(Ai is shown in Fig. 3 for the change in reactance.b (Again as expected the change in reactance approaches

zero as the core radius decreases and becomes a
To obtain numerical values for AL and AR it is very large negative value for b/b0 near 1.25. It
first necessary to evaluate the integrals No, N1 , should be noted that changes in the parameter 6/b0
N2 and N3. Although they cannot be evaluated have a relatively small effect on AX as compared
analytically they can be found numerically for to their effect on AR. The same functional de-
fixed values of the geometrical parameter a/b. pendence is also illustrated in Fig. 4. The solid
Once these integrals are evaluated the expressions curves show the normalized resistance plotted
are each seen to be a power series in the para- versus the normalized reactance as b/bO is varied.
meter 6/b which contains the electrical properties Changes in the complex impeJance can be seen for
of the core material. One should note that for varying radii for each of four values of 6/bO .
the case of a perfectly conducting core (i.e.
6/b = 0) 2 The effect of changes in conductivity of the

-2uo a core on the resistance and the reactance are shown
AL 0 NO(A) in Figs. 5 and 6. The conductivity is again nor-

b 0b malized with respect a co near that of aluminum.
and AR = 0. (However a is actually arbitrary as long as the

condition tat 6/b << 1 is still satisfied). The
This is a reasonable results which shows a de- limiting behavior is again logical showing the re-
crease in the inductance but no change in the re- sistance approaching zero for large conductivities
sistance since no losses are possible. The effect and zero for very small values. The reactance is
of a large but finite conductivity is seen to seen to approach the "perfect conductor" case as
diminish the amount of decrease found for the per- a increases. The region where a becomes small
fectly conducting case and to add a finite, posi- violates the assumption on 6/b and therefore the
tive apparent resistance. behavior of these curves then has no meaning. Ie

resistance versus the reactance is shown in the
RESULTS solid lines of Fig. 7. As the conductivity de-

creases from the perfect conductor case AR is seen
To facilitate the evaluation of AL and AR for to increase while AX becomes less negative. Each

practical cases the integrals NO, ;11, Ng, and N3  of these curves terminates in the region where the
were evaluated for several values of a/ varying assumption that 6/b << 1 begins to break down.
--from a value of 1.05 to 2.0. Using these results
.the values of AR and AL can be calculated through With the aid of Figs. 4 and 7 one may ascer-
terms of order (6/b)3. Accuracy of the results tain the behavior of changes in both the resistance
depends critically on the assumption that 6/b re- and reactance for any percent change in either the
mains small with respect to one. radius of the core or its conductivity. The

functional change in impedance is quite different
For the case of an aluminum core with a 3/4" for the two parameters. This characteristic may

diameter we find 6 = .0826/rf which for f = 50 KHz therefore be utilized in practical testing to de-
yields a skin depth 6 = 0.37 mm resulting in a termine changes in sample radius and conductivity.
value of 6/b = .0388. Thus for this practical case
we are well within the assumptions used in the ACKNOWLEDGEMENT
derivations.
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MATERIALS CHARACTERIZATION BY TIME DELAY SPECTROMETRY ULTRASOUND

P. M. Gammel and M. H. Leipold
Jet Propulsion Laboratory

California Institute of Technology
Pasadena, CA 91103

ABSTRACT

A technique known as Time Delay Spectrometry (TOS), which has been used at JPL for ultrasonic tis-
sue characterization, has promise for similar application in materials characterization as well. This
technique differs from the approaches based on pulse-echo techniques which are used by other workers.

Time Delay Spectrometry operates in the frequency domain directly. The transducer is excited by a
rapidly swept frequency source and a tracking receiver is used to select signals arriving during a narrow
time interval. In the reflection mode this time interval represents the range of the reflecting surface.
In the transmission mode this time interval is adjusted to the desired acoustic delay, causing rejection
of signals which follow extraneous paths. This swept frequency implementation makes coherent processing
of the full analytic signal possible, which in turn allows more representative signatures to be obtained.
In the reflection mode, for example, a better indication is obtained of the true strength of an interface
or scatterer because the response can be made less dependent on the interference effects that so greatly
alter the amplitude peaks of the conventional echo. This technique also permits an enhanced dynamic
range to be obtained by applying frequency compensation directly to the transmitted signal. An added
bonus is the ability to use data logging systems at rates commensurate with microprocessor ope-ation in
place of more expensive high speed transient recorders with limited memory capacity.

Attenuation spectra taken on tissue specimens and on a few material samples will be presented.
These data will demonstrate the ability of Time Delay Spectrometry to either minimize reverberation
artifacts or to make use of the information contained in the artifact.

INTRODUCTION

Time Delay Spectrometry* (TDS) is an anechoic selecting an appropriate offset frequency and band-
ultrasonic measurement technique which operates in width for the tracking filter, an equivalent time
a domain that is intermediate between the time interval is selected. For the case of a linear
domain and the frequency domain. This technique sweep, (1) discrimination of arrival times is
has been used in many other fields and is a poten- related to the filter bandwidth by:
tial method for directly measuring a "materials
signature". AT B

Time Delay Spectrometry was originally (dF/dT)
developed for loudspeaker testing, where it allows
an ordinary room to be used and yet achieves Where AT = Time Discrimination
results superior to those obtained by other elec- B = Receiver Bandwidth
tronic techniques, even when they are aided by the dF/dT = Sweep Rate, Hz/Sec.
use of an expensive anechoic chamber. (1,2) This
technique was later applied to ultrasonic tissue This chirp technique is not pulse compression
characterization where it has been used to measure since the frequency information is preserved
the ultrasonic attenuation coefficients, reflec- instead of being "collapsed" to provide improved
tivity, and velocity of biological specimens as a time resolution.
function of frequency. 2,3,4,5,6) Most recently
it has been applied for imaging undersea sediments The principles of operation of TDS are in one
by ultrasonic reflection, with a resolution and earlier pager () and equation (1) derived in
discriminatio) superior to that of pulse-echo another (). The interchange of the time and the
techniques. ?7) frequency domains by TDS and the effect of

applying a Fourier Transform to the TDS output or
PRINCIPLES OF TDS mixing the received signal with a coherent refer-

ence has been treated rigorously (4). The
TDS consists of a swept source frequency and significance of processing the full analytic signal,

a tracking filter. The received signals arrive at as opposed to only one of the guddrature compo-
the receiver with a time delay that depends on the nents, has been discussed. T2)
pathlength and the propagation velocity. Since
the transmitter frequency is swept, the time delay TDS is well suited for advanced signal
is equivalent to a frequency offset. Thus, by processing. The large (around 200,000) time-

bandwidth product permits siqnificant signal to
noise enhancement.

*Time Delay Spectrometry is an invention of
Richard C. Heyser, U.S. Patent No. 3,466,652,
assigned to the California Institute of Technology.
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A delayed reference is available for coherent about 2 MHz in Fig. 4, in cuntrast to 0.2 MHz in
detection of both quadrature components. This Fig. 3.
permits pulse compression for high time domain
resolution, true measure of the received energy vs TDS has been used extensively for biological
time which is not modulated at the ultrasonic tissue characterization at ultrasonic frequencies
frequency, and phase-of-arrival information for at the Jet Propulsion Laboratory as part of the
very precise velocity measurements. biomedical program. A few examples of the results

obtained are shown in Fig. 5 and Fig. 6. In both
A selected portion of the spectrum can be used of these figures the attenuation was measured by a

to produce a raster scan of attenuation, velocity, substitution technique: the spectrum of the ultra-
or reflectivity (3). sonic energy through the water path between the

transducers in the water tank was recorded with
TDS TRANSMISSION MODE RESULTS various calibrated electronic attenuators in the

system. Typically, these calibration spectra are
An example of TOS capability is shown by the taken for 0,5,10..40 dB attenuation. The specimen

test object in Fig. 2, which produces multiple is inserted and the spectra again recorded. From
reflection and therefore has a continuous wave this composite spectrum the attenuation can be
(c.w.) transmission spectrum that consists of interpolated to around 1 dB.
maxima and minima as determined by the interfer-
ence of these multiple reflections. The Figure 5 demonstrates the frequency range
transmission spectrum of the object was measured that can be covered by TDS. These data are the
using the TDS system shown in Fig. I with two composite of several measurements, each over a
extreme settings of the filter bandwidth. One of frequency sweep of less than 10 MHz.
these settings produced results similar to the cw
case whereas the other discriminates signals of Figure 6 demonstrates measurements obtained
differing arrival times. In both cases the system on one specimen, human breast, which is of great
was swept from 0 to 10 MHz at the rate of 500 MHz/ biomedical interest. Good agreement was obtained
sec. The TDS transmission response with a with other published data (8). Research on a
bandwidth of 3,000 Hz which results in acceptance larger population of specimens must be conducted
of signals arriving within a 7 ps time window is before this can be considered useful for medical
shown in Fig. 3. Since the aluminum-water inter- diagnosis.
face is strongly reflecting and many such
interfaces are present, appreciable energy is REFLECTION MODE TDS
transmitted only at those frequencies where
constructive interference of several such reflec- Reflection signatures have also been obtained
tions occur. The TDS transmission response with with TDS using both double and single transducer
the bandwidth reduced to 340 Hzwhich reduced the techniques.
width of the time acceptance window to 0.7 psis
shown in Fig. 4. This enables successive arrivals Two transducer reflection measurements can
of the ultrasonic energy to be distinguished, as readily be made with the system shown in Fig. I by
can be seen along the 2 MHz cut in the spectra. placing the transducers on the same side of the
The spectra with different time delays are sample. The range is selected by a change of the
displayed along the delay axis. Since only the offset of the oscillator sweep and the width of the
energy which arrives within a time interval 0.7 us range window is selected by the filter bandwidth or
wide is considered in producing the swept spectra, by the sweep rate.
the interference of energy from successive reflec-
tions is eliminated. The slight remaining Single transducer measurements can be made
irregularly in the spectra (+ 1 dB) is probably due using a heterodyne technique (9) as shown in Fig. 7.
to complicated surface interactions. This improve- This consist of mixing the transmitted and received
ment in the time resolution has resulted in a signals. If the frequency is swept linearly in
'smearing" of the frequency resolution, which is time, the difference frequency is proportional to
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Fig. 2. Reverberant test object.

7'



RECEIVED ,

ENERGY

-dB WATER PATH

SAMPLE

o 2 4 6 8 10

FREQUENCY - MHz

Fig. 3. Spectral response of reverberant test object with

nearly c.w. response ( time acceptance window G ps.)

C AL IBRAT ION

-15
• % -20

• -25
•- 30

% 141 "r, IR AMS14| 1 | D

%% T HROUGH SAMPL

0 2 '4 6 R 10
FgR(nuw , - I

Fig. 4. Received energy vs frequency and arrival time

for a reverberant object.

77



so ?

SO . . . . . . . . . . O

0 FAT 0

40 0 LIVER 
00

00 oo

-
00 0 00

z 30 000000

o 000

0

10-

0 5 O IS 20
FREQUENCY, MN.

Fig. 5. Attenuation vs frequency for excised hog specimens ( formalin fixed, 14 mm thick)

over the frequency range 1.5 to 17.5 MHz.

80

6 NICR&AI. (

E 60 0 O (AR(:INIOMA

40 "
04 (C ii

U C,' i

0

0 2 4 6 8 10

FREQUENCY, MHz

Fig. 6. Ultrasonic attenuation vs frequency in breast tissue.

7,



I-~ld .11: III bl111110k

I)5111 Ill.

I'M It IL-

kM PAS 111k

F7V I..
t V t I AI ,LE bAI i l I

Fig. 7. Block diagram of system for single transducer reflection measurements.

0 dB

CALCIFIED

\ N 0RMA L

20 dB
~40 dB

0 12 3 4, 5 6

FRF(OU'NCY M Hz

Fig. 8. Reflection spectra from regions of flattened human aorta

and from plane reflector with calibrated electronic attenuation.

?9N



the range of the reflector. Thus the desired dispersion is known, compensation can be effected
range is selected by varying the receiver by dynamically programming the sweep offsets.
frequency and the width of the range gate by the Pre-whitening the transmitted signal to improve the
receiver bandwidth. dynamic range at the receiver is practical.

Among the advantages of TDS for reflection ACKNOWLEDGEMENTS
mode measurements are that surface and interior
reflections are readily separated and it produces This paper presents the results of one phase
a direct spectral display. TDS appears to have of research carried out at the Jet Propulsion
great promise for characterizing materials. Laboratory, California Institute of Technology,
Internal flaws and distributed properties of under Contract No. NAS7-lO0, sponsored by the
materials could be characterized by TDS reflection National Aeronautics and Space Administration.
spectra. Characterization of distributed material
properties by ultrasonic backscatter ha$ been The authors wish to thank Cavid H. Blankenhorn,
treated elsewhere in the literature (10). M.D., Chief of Cardiology at the University of

Southern California-Los Angeles County Hospital,
One application of TDS in the reflection mode for the preparation and wse of the aorta specimen.

is demonstrated in Fig. 8. The reference spectra
are the reflected energy from a plane reflector REFERENCES
with the receiver gain reduced by the indicated
number of dB. These were obtained with a 10 MHz, 1. Heyser, R. C., "Acoustical measurements Jy
0.5-inch diameter transducer with a 3-inch focus. time delay spectrometry", J. Audio Eng. Soc.,
The reflectivity spectrum of a calcified region in 15, 370-382 (1967).
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below that of a plane reflector, whereas the 2. Heyser, R. C., "Determination of loudspeaker
reflectivity of a normal section of the same aorta signal arrival times", J. Audio Eng. Soc.,
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signal, which provides a better measure of the dependence of ultrasonic attenuation in
arriving energy than does processing the real selected tissues", Ultrasound in Med. and
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are that it allows signal-to-noise enhancement 6. Rooney, J.A., Garimell, P.M., Hestei,-s, ..D.,
through coherent processing, optimization of time Blankenhorn, D.H., and Chin, H.P., "Velocity
or frequ-ncy resolution is straightforward and of sound in arterial tissue", 97th Meeting
naturall apodized, and conversion between time and of the Acoustical Society of America, June
frequency domains is readily implemented by analog 11-15, 1979, Boston, MA., Abstract in J.
as well as by digital techniques. Acoust. Soc, Am. 65, Supp. 1, Spring 1979.

Time Delay Spectrometry has several unique 7. Richard C. Heyser, work in progress at the
features. TDS can operate intermediately between Jet Propulsion Laboratory (1979).
the pure time domain and tne pure frequency domain,
providing optimal characteristics for otherwide R. Calderon, C., Vilkomerson, D., Mezrich, R.,
difficult applications, such as loudspeaker evalua- Etzold, K.F., Kingsley, B., and Haskin, M.
tion in an actual room. Continuous adjustment is "Difference in the attenuation of ultrasound
possible, giving time domain response at one extreme by normal, benign, and malignant breast
and frequency domain response at the other. The tis'sue", 3. Clin. Ultrasound 4, 249-254
time doiTmain sampling ia apodized by the smooth (1976).
receiver passband, rather than being abruptly
chopped off by a gate. After the time and fre- 9. Gammell, P.M. "Sinqle transducer swept
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ACOUSTIC EMISSION SOURCE CHARACTERIZATION THROUGH DIRECT TIME-DOMAIN DECONVOLUTION

N. N. Hsu and D. G. Eitzen
National Engineering Laboratory
National Bureau of Standards

Washington, D.C.

ABSTRACT

While detected acoustic emission (AE) signals contain potentially useful information about the
deformation source mechanisms of a structure under load, signal processing techniques such as threshold
counting, RMS recording, energy measurement, peak detection, and spectral analysis often fail to extract
such information unambiguously. The difficulty lies both in the inherent complexity of the deformation
mechanism and in the lack of understanding of the source mechanism, the wave propagation details, and the
physics of the sensor's mechanical-to-electrical conversion process.

Instead of taking an empirical approach to establish the correlations between the detected AE and the
observed possible deformation mechanism, we approach the problem by constructing a-simple test system
which consists of three main ingredients: a true displacement sensor (capacitive transducer), a simple
structure (either a large block or a plate), and knowr. theoretical impulse-response functions for specific
sensor-source relative locations. We first establish the validity of these ingredients by testing with
simulated AE of known step-function time dependency generated by breaking glass capillaries. Unknown
sources are then introduced, one at a time, into the system for determination of their time functions.
The time function at the source is determined by a deconvolution process from the kiown impulse response
and the detected displacement. Furthermore, we show the existence of the inverse of the impulse-response
function with respect to convolution for at least two extreme cases. Consequently, the source function
can be obtained simply by convolving the detected signal with the inverse function. Applications to AE
system calibration, sensor characterization, wave propagation studies, and brittle crack opening signa-
ture analysis will be demonstrated.

INTRODUCTION theoretically computed; thus is provides a basis
for detailed analysis. It has been shown that the

The objective of our study is to determine AE capacitive transducer measures true displacement
source characteristics at the source by analyzing so that the transducer transfer function is
detected AE signals. As shown in Fig. I the trivial. The AE source, for the time being, is
evolution of AE signals are rather complex; the modeled as a force-drop whose time dependence is
evolution can be broadly divided into three steps to be determined from the displacement measure-
and associated with them, three analytical problems. ments and the known response of the plate.
The first is the description of the deformation DISK DA
mechanism of generating AE at the source location, STORA
second is the transient stress wave propagation S--D-G
through the structure, and third is the sensor L12'

transduction process which converts a local distur- DIGITAL
bance into a measurable voltage signal. The goal WDE BANC OSCILLOSCOPE OPt

of AE signal analysis is to extract the information PREAMPIFIER
of the source mechanism from the detected voltage L
signals. SENSOR -

ALLYINV P-.'E CDNSL .

At S YUIATED SO RCE

"G(43. -t Al

Fig. 2. An experimental system for AE source
.... P, . - ..... ........ analysis.

I! SP FPU" \ THEORY

, ... The method of time domain deconvolution fcr
AE signal analysis is sumnarized in Fig. 3. The
detected displacement U(t) is the convolution of
the system impulse response with the source

Fig. 1. The evolution of an AE signal and its function. The conceptual solution to the inverse
associated analytical problems. problem, i.e., to find the source function from the

detected displacement, can be formulated as a
Our approach to the problem is based upon a convolution integral of the detected displacement

simple experimental system consisting of a large U(t) witn Lt;,( inverse function G-1(t) of the
plate (or a large block) as the structure and a impulse response of the system. Here G-'(t) is
capacitive displacement transducer as the sensor defined by the convolution integral so that when
(Fig. 2).',, The transfer function (impulse re- G-1(t) convolves with the impulse response G(t), a
sponse) of the plate in terms of displacements at delta function is produced. If it exist,, G-1(t)
arbitrary points due to an impulsive force can be



can be computed numerically. The algorithm for large block) but reflected rays from the opposite
computing G-1(t) is shown in Fig. 4. free surface, which arrive at a later time, are not

included. Shown in Fig. 5 through 8 are theMETHOD OF TIME DOMAIN DECONVOLUTION impulse responses and their inverses for the two
cases.

-DESCRIPTION OF A LINEAR 
SYSTEM:

t

U(t) =fF(T) G(T-t)dT
0o

8 IMPULSE RESPONSE
OUTPUT 7 b

F = INPUT

-CONCEPTUAL SOLUTION TO THE INVERSE
PROBLEM:

F(t) =J UC) C-tdT

G-I  IS DEFINED BY
10 20 30 40

TIME SEC)

f G(T) G-I(T-t)dT = 6(0) Fig. 5. Impulse response at the epicenter of a
large plate, Physically the curve is the vertical
displacement as a function of time at the epicenter

Fig. 3. Method of time domain deconvolution due to a vertical force function of delta function
time dependency.

-NUMERICAL METHOD:

DiSCRETIZE: Q( 1( A')

G(I) ( = 0,1,2).A. I -

WRITE IN MATRIX FORM:

U(Q G() 0 0 01 FQ

U G(0) 0

L[ J L "" ' / \ '

TIME G c

U Fig. 6. Inverse function G-(t) at the epicenter
of a large plate. The curve is obtained by direct
inversion of the function shown in Fig. 6. Physi-

I cally the curve is the force function required to
r U(1) =LM F(k) G(I-K) produce a displacement at epicenter of delta fun-

ction time dependency.

41The signatures of many simulated AE sources
RDI) = [MCI) G(-KF(K have been determined in terms of a force timeF - (J/G(0) function for the source. These signatures wereK=O obtained by direct convolution of the detected

Fig. 4. An algorithm for computing the inverse displacement at the epicenter with the inverse
function G- (t). If G'1 exists, the unknown force impulse response function G

-1 shown in Fig. 6. The
function may be computed directly by the last two breaking glass capillary signature is a step
equations, function with a rise time of less than 0.5 v sec.

The breaking pencil lead source has a small yet
RESULTS noticeable dip before the step; its rise time is

less than one p sec and the magnitude of the step
We have computed explicitly G-1(t) for two has been calibrated from I to 7 newtons depending

cases. One is when the sensor is on one side of a on the particular size of lead used, The dropping
large plate and the source is at the other side of ball contact force function also cmpares well
the plate directly opposite the sensor location with elasticity theory (Fig. 9-11).
(the epicenter). The other is when the sensor and
the source are on the same side of the plate (or a
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Fig. 8. Inverse of the function shown in Fig. 7.Physically it is the vertical force required to

Fig. 7. Impulse response of a surface pulse. The generage a vertical displacement of delta function
curve shows the vertical displacement on the sur- time dependency.
face of a large block due to a vertical force of BREAKING GLASS CAPILLARY
delta function time dependency applied on the same
surface.

AE signals induced in glass plates by dynamic
impact have also been recorded using a capacitive
transducer located at the epicenter. The signals
are very reproducible. The source signatures of
such brittle fracture resembles a step-function
at least at the initial part of the waveform
(Fig. 12).

In addition to the examples given, the simple
test system has many potential applications. Many
unknown elements in an AE system such as sensors
or structure transfer functions may be substituted
into the controlled system, one at a time, and be
analyzed in detail.

FULL SCALE - 20 MICROSECONDS

Fig. 9. Source force-time function of breaking
glass capillary obtained by time-domain deconvolu-
tion of recorded epicenter displacement. Inset
trace. is the recorded epicenter displacement.
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FULL SCALE - 20 MICROSECONDS

Fig. 10. Source force-time function of breaking
0 5 mm pencil lead. Inset trace is the recorded
epicenter displacement.

DROPPING 1.54 -, STEEL BALL

FULL SCALE 22 MICROSECONDS

Fig. 11. Source force-time function of dropping
1.5 mm steel ball from 5 cm height. Inset trace
is the recorded epicenter displacement.

DECONVOLUTED

I...

TIME IN MICROSEC

Fig. 12. Source signature of a brittle fracture
produced on a glass plate by impact of a diamond
indenter. The dotted line is the recorded epi-
center displacement. The solid line is the
deconvoluted source force-time function. Note that
the initial part of the source function resembles a
step function.
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IDENTIFICATION OF ACOUSTIC EMISSION SOURCE MECHANISMS

C. R. Heiple
Rockwell International-Rocky Flats Plant

Golden, CO BOA1

S. H. Carpenter
Denver University
Denver, CO 80208

ABSTRACT

Identification of mechanisms generating acoustic emission during deformation of materials is often
difficult because several mechanisms may be potentially e, actually operating simultaneously. Identi-
fication of sources which are actually contributing significantly to the acoustic emission can often be
accomplished by testing material with different process histories, by microstructural examination before
and after deformation, and by using different stress states. Mechanisms which operate simultaneously in
one stress state may operate predominantly in different strain ranges in another stress state. Further
confirmation of the mechanisms involved can be obtained by measurement of physical parameters, other
than acoustic emission, during deformation which are sensitive to the proposed generation mechanisms for
the acoustic emission.

Several examples of the use of these techniques will be shown. The sources of acoustic emission in
7075 aluminum were identified by testing in the T6 and T651 tempers, by testing in both tension and
compression, and by measurement of internal friction as a function of strain. Dislocation motion was
shown to be the major source of acoustic emission in beryllium by testing beryllium of different purity,
heat treatment, and origin (powder metallurgy or cast and worked) in both tension and compression com-
bined with microstructural observations. Confirmation that the source was dislocation motion and identi-
fication of the type of dislocation activity involved was made by internal friction measurements during
deformation. Acoustic emission from hydrogen assisted crack growth in an austenitic stainless steel was
separated from other sources of emission by holding at constant load. Cracking was also monitored by
observing changes in the apparent elastic modulus of a sample as hydrogen-assisted cracks propagated in it.

7075 ALUMINUM

The mechanisms responsible for the acoustic friction is sensitive to both the dislocation
emission generated during the plastic deformation density and the average dislocation loop length.
of 7075 aluminum have been identified by testing An increase in either will cause an increase in
the material in two different tempers, testing the internal friction, although the magnitude is
in both tension and compression and by measuring more sensitive to the average loop length. Inter-
the internal friction or damping during deforma- nal friction measurements during deformation of
tion. When the acoustic emission from 7075 7075 aluminum in the T-6 temper showed an internal
aluminum was first investigated some years ago, friction peak which corresponded closely with the
it was proposed that the acoustic emission yas acoustic emission peak observed at yield. There
generated entirely from dislocation motion. The was no measurable internal friction at the loca-
major apparent problem with this interpretation tion of the second peak (Poster 1). Measurements
was that the acoustic emission maximum occurs at of the internal friction in the T-651 temper
approximately 2.5% strain. It is difficult to showed no internal friction above the background
understand why the maximum should not occur near level of our instrumentation throughout the entire
the onset of plastic flow if it is due to dis- test. Work at gur laboratories 2 and work by other
location mechanisms. Testing of 7075 aluminum in investigators3 ,4 has shown conclusively that the
the T-6 and T-651 tempers revealed a second second acoustic emission peak arises from the
acoustic emission peak in the T-6 temper centered fracture of inclusions within the aluminum matrix.
at yield, as shown in Poster 1. The peak at yield
is in addition to the previously reported peak at BERYLLIUM
2.5% strain. The difference between the T-6 and
T-651 tempers is that the material in the T-651 There are many potential sources of acoustic
condition is given a stress relief stretching of emission during deformation of beryllium. Disloca-
up to 3% plastic strain following solution heat tion motion, twinning, grain cleavage, inclusion
treatment in order to improve flatness. This (primarily BeO) fracture or decohesion, and precip-
mechanical treatment suppresses the acoustic itate fracture or decohesion are all reasonable
emission peak at yield but does not affect the possibilities. The general characteristics of
peak occurring at higher strains. When deformed acoustic emission from beryllium are shown in the
in uniaxial compression, the peak at yield (T-6 top figure of Poster 2. Beryllium from powder
temper) is unaffected, however, the peak at metallurgy stock, from rolled ingot, and from
higher strains disappears. Analysis of these special high purity powder metallurgy stock was
results suggests that the acoustic emission peak tested. Material was tested after several
at yield is due to a dislocation motion or break- different heat treatments, and measurements were
away phenomena and that the peak at higher strains made in both tension and compression. Details of
originates from some other source. Confirmation the heat treatments used are given in Reference 5.
of this interpretation is provided by amplitude The response of the magnitude of the two peaks to
independent internal friction measurements. The these experimental parameters is summarized on
magnitude of the amplitude independent internal
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Poster 2. (The locations of the peaks were the occurred from loading to holding at constant load
same for all tested conditions.) The variation (beyond the yield stress).
in peak size with heat treatment, purity, mater- Acoustic emission from hydrogen-assisted
ial origin (powder source or ingot source), and crack growth can be distinguished from other
testing node (tension or compression) combined sources of emission by holding the sample at
with metallographic observations exclude grain constant load and measuring the emission as a
cleavage, twinning, beryllium oxide fracture or function of time. Acoustic emission associated
decohesion, and precipitate fracture or deco- with plastic flow should decline rapidly with
hesion as significant contributors to the time at constant load as plastic deformation
observed acoustic emission, as indicated in producing stress relaxation ceases. Hydrogen-
Poster 2. All results are consistent with dis- assisted crack growth, however, should not
location motion as the source of both acoustic decrease significantly with with time and will
emission peaks. The observations cannot, how- provide an acoustic emission source after stress
ever, distinguish between sudden breakaway of relaxation has ended. The predicted difference
dislocation avalanches from pins or rapid in acoustic emission versus time between samples
generation of new dislocations as the type of stressed and held in hydrogen or helium was
dislocation activity responsible for the acoustic observed (Poster 5).
emission. This separation is achieved by The presence of cracks or voids in a test
internal friction measurements during deforma- sample will cause a decrease in the measured elas-
tion. As mentioned previously, amplitude tic modulus when compared to a defect free sample.
independent dislocation damping is sensitive to A simple first order theory showing that the
both dislocation density and average dislocation apparent or effective elastic modulus is dependent
loop length. More specifically, the damping is on the volume of cracks in the material is given in
proportional to the fourth power of the average Poster 7, i.e. Yeff=Y(1-'V/V).Clearly changes in
loop length and the first power of the disloca- the apparent modulus will be small since in most
tion density. Thus a breakaway process which cases AVIV will be small. Certainly, the changes
increases the average loop length should produce in apparent modulus cannot be detected from typical
a larger change in damping than the generation load deflection curves. In order to effectively
of new dislocations, which primarily increases use modulus change measurements as a tool to study
the dislocation density. The internal friction crack initiation, growth, etc., it is necessary
measurements indicate that the acoustic emission that techniques be used which can detect small
peak at the onset of plastic flow is most changes in the modulus to a very high degree of
probably due to the generation of new disloca- accuracy and precision.
tions, and the peak at 1 pct plastic strain is A technique meeting these requirements is
most probably due to breakaway of dislocations measuring the resonant frequency of a sample
from pins. The validity of the internal fric- vibrating in a standing longitudinal wave. A Marx
tion interpretation is supported by tests in iron composite oscillator operating in a longitudinal
where the yield point is known to arise from mode at a resonant frequency of approximately
breakaway of dislocations from carbon atmospheres. 50,000 Hz has been used. A schematic of the
There is a corresponding internal friction peak, system is shown in Poster 8. The resonant fre-
as expected. quency of the total wave train is the measured

quantity from which the resonant frequency of the
STAINLESS STEELS IN A HYDROGEN ENVIRONMENT sample is easily calculated. The sample tested is

one-half wave length in length so that the center
Acoustic emission is a potential technique of the sample is at a displacement mode. The

for monitoring stainless steels for hydrogen- necessary electrical connections can be made at
assisted crack growth. Acoustic emission was this point without disturbing the standing wave.
monitored from 21-6-9 stainless steel (nominally Data for a high purity Armco iron and for 304
21 pct Cr, 6 pct Ni, 9 pct Mn, 0.25 pct N) stainless steel are shown in Poster 8. The samples
stressed biaxially in hydrogen and inert environ- were charged in an electrolytic solution of 1
ments. The first observation was that the amount normal t12SO4 with slight additions of CS2 and As20 3 .
of emission from a sample loaded biaxially was The data show no change in the resonant frequency
substantially greater than in uniaxial tension, for the first 102 seconds. At this point, the
as shown in Poster 3. The sample volumes and resonant freauency of the pure iron begins to
strain rates were different for the two tests, so decrease giving a negative change in the resonant
the rms has been normalized to the same volume frequency as plotted. No change in the resonant
and strain rate using the well established pro- frequency of the 304 stainless steel was observed
portionality between rms and the square root of on charging to nearly 105 seconds. This result is
strain rate or sample volume. No detectable expected since the 304 should not crack with zero
difference in the amount or strain dependence applied stress. A micrograph showing cracks which
of acoustic emission during loading was seen developed in the pure iron is shown in Poster 7.
between hydrogen and inert environments, although No cracks could be found in the R; sample. An
hydrogen-assisted crack growth clearly occurred attempt was made to correlate the measured crack
in a hydrogen environment. A typical surface volume with that predicted by the change in
crack and a fracture surface from a sample apparent modulus. It was found that the measured
tested in a hydrogen environment are compared modulus change is greater than that predicted from
with a surface and fracture occurring in an inert measured crack volume by approximately 40 times.
environment in Posters 3 and 4. Furthermore, It is unclear whether this disagreement is due to
the amplitude distributions of acoustic emission the elementary nature of the theory or whether there
bursts from samples tested in hydrogen and inert are other mechanisms which might cause changes in
environments were similar, as shown in Posters 5 the modulus. More work is necessary to answer this
and 6, although a major shift in amplitude question, although recent data suggest additional

mechanisms are involved.
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INVESTIGATION OF NUCLEAR ACOUSTIC RESONANCE FOR THE
NONDESTRUCTIVE DETERMINATION OF RESIDUAL STRESS

G. A. Matzkanin
Southwest Research Institute

San Antonio, Texas

and

R. G. Leisure and D. K. Hsu
Colorado State University

Fort Collins, Colorado

ABSTRACT

Nuclear acoustic resonance has been studied in cylindrical specimens of uolycrystalline aluminum

deformed in compression and tension. The acoustic absorption lineshape is found to be asymmetric and
dependent on the amount of deformation. Analysis of the signals in terms of an admixture of the real
and imaginary parts of the nuclear susceptibility has been performed. The linewidth measured from the
experimental signals varies with deformation exhibiting a minimum between twelve and fifteen percent
strain.

INTRODUCTION attenuation as the applied magnetic field was slowly
swept through the resonance condition were measured

As is well known, residual stresses and inter- by means of a second transducer bonded to the other
nal strains play important roles in determining the end of the specimen. To enhance the signal-to-noise
service behavior of many materials, components and ratio, synchronous detection and signal averaging
structures. As such, the detection and quantita- were used. Experimental conditions are ditailed in
tive characterization of residual stresses and Table I.
internal strains are crucial factors in the ratio-
nal assessment of the serviceability of structural RESULTS
materials. The present program was initiated in
respinse to the important need for a practical Typical KAR signals obtained from aluminum
method of making residual stress measurements in specimens subjected to various amounts of compres
nonferromagnetic materials. One of the methods sive deformation are shown in Fig. 4. The indicated
under investigation is nuclear acoustic resonance strain values were determined from the changes in
(NAR) in which changes in acoustic absorption due specimen length after deformation. The displayed
to nuclear magnetic resonance (NMR) are measured. NAR signals are the first derivatives of the acous-
The advantage of this approach for NDE over the tic absorption. The amplitudes of these siqnals
conventional inductive NMR method is that the cannot be directly compared since this parameter is
acoustic approach is sensitive to the interior of affected by the bonding characteristics of the
bulk metal specimens whereas the inductive approach transducers among other factors. However, ,ill of
is limited to the electromagnetic skin depth which the detected NAR signals were found to be asymmetric
is typically only 10 to 100 microns at the radio- in agreement with previously reported results for
frequencies usually employed, single crystal aluminum.(2) This asyrmmetry has been

shown both experimentally
(3) 

and theoretically
(4 ) 

to
The effect of residual stress and internal be associated with an admixture of X' and )" (the

strain on the nuclear resonance signal (either real and imaginary parts, respectively, of the com-
inductive or acoustic) is associated with the plex nuclear susceptibility) according to the fol-
interaction between the nuclear quadrupole moment lowing expression for the resonant acoustic absorp-
and the electric field gradient (EFO) determined tion
by other ions and electrons. For cubic symmetry
the EFG normally vanishes, however, lattice distor- A- [(( - 2)x" - 2),'] (1)
tion associated with stress-strain fields can pro-
duce EFG's in nominally cubic materials (Figs. 1 where t is a factor depending on the acoustic veloc-
and 2). The resulting quadrupile interaction per- ity and electrical conductivity.
turbs the magnetic energy levels thus modifying the
detected nuclear resonance signal. The relative amplitudes of the peaks of the NAN

first derivatives are a measure of the isyrv,,try of
FXPERIMENTAl. the acoustic absorption lineshape and can be used to

determine the percentaqes of X' an, t" based on the
The NAN appr-ach , ill it rat ve( in F I o. I assumpt ion of a Gaussian 1 ineshape . The amounts of

involves coupling ultrasonically to a specimen x" determined in this way are listed in the second
which is suhected to a static maqnetic field. In column of Table 11, while similar results obtained
tI., experuirnts reportod here, a continuous wave by analyzing the experimental acoustic absorption

i-w) tr~lnumusinn mthod was used. 
1

) Acoustic second derivatives are listed in the third column.
5t minq waves of approximately 6n M1t7 were P~tab- No consistent variation of k" with strain was found
lish.d ty means of a tran-1icer bond,,d to on, end and except for the undeformed specimen, the " com-
of a cylindri,-al sp,'cimen. Chanqie in au-oust iu ponents computed from the two derivatives ate liti

rO2



different. The implication of these results is that ACKNOWLEDGEMENTS
the assumption of i Gaussian lineshape for acoustic
absorption from deformed aluminum may not be valid. The assistance of Don Allred and Gary Asnton at
Indeed, comparisons between the experimental signals Colorado State University in performing the experi-
and Gaussian lineshapes (shown by open circles in mental measurements is gratefully acknowledged. The
Fig. 4) show that the deviation from a Gaussian research was supported by the Air Force Office of
lineshape increases with increasing deformation. Scientific Research (AFSC) under Contract iF44,.20-

76-C-0114.
In addition to determining X", the NAR signals

from deformed aluminum were analyzed to obtain REFERENCES
information on the acoustic absorption linewidth.
The linewidths determined by measuring the peak-to- 1. Leisure, R. G. and Balef, D. I., "CW Microwave
peak separations of the experimentally recorded Spectrometer for Ultrasonic Paramagnetic
signals are tabulated in columns 2 and 3 of Table Resonance," Rev. Sci. Instrum. 39, 199 (1968).
III for the first and second derivatives, respec- 2. Buttet, J., Gregory, E. H., and Bailey, 0. K.,
tively. Determined in this way, the 'cperimental "Nuclear Acoustic Resonance in Aluminum Via
linewidth initially decreases with plastic deforma- Coupling to the Magnetic Dipole Moment," Phys.
tion and then increases for strains greater than Rev. Lett. 23, 1030 (1969).
approximately 15 percent. Although a change in R
resonance linewidth is expected for quadrupole per- 3. Leisure, R. G., Hsu, D. K., and Seiber, B. A.,
turbed energy levels, the results presented here "Nuclear-Acoustic-Resonance Absorption and
are difficult to interpret analytically since the Dispersion in Aluminum," Phys. Rev. Lett. 30,
variation of the admixture of X' and X" with strain 1326 (1973).
also affects the linewidth. Thus for comparison
with theory, the linewidth in terms of the X" com- 4. Fedders, P. A., "Acoustic Magnetic Resonance in
ponent must be extracted from the experimental NAB Metals via the Alpher-Rubin Mechanism," Phys.
signals. Rev. B8 5156 (1973).

Interesting results have been obtained indi- Table I.
cating that the acoustic absorption lineshape for Experimental Conditions
the deformed aluminum specimens is dependent on the
frequency used to modulate the static magnetic field SPECIMENS: 99999% PURE POLYCRYSTALLINE
for synchronous detection. As shown in Fig. 5, for ALUMINUM
a lightly deformed specimen (5% tensile strain), the CYLINDERS: 1)2IN LONG BY 1 2 IN DIAMETER
NAR lineshape is essentially independent of modula-
tion frequency (results were obtained in the 25-100 FREQUENCY: 60 MHz
Hz range) whereas for a highly deformed specimen
(25% tensile strain) the lineshape changes substan- MAGNETIC FIELD: 54 kr,
tially with modulation frequency. In fact, as the
modulation frequency is decreased from 100 Hz to TEMPERATURE: 4.21K Et 65'K
35 Hz, the lineshape for the 25% tensile strain
specimen changes from approximately 50% or 60% X" ACOUSTIC MODE: SHEAR
to approximately 20% X". Since the modulation fre- Table I.
quency determines the depth of penetration of the The Imaginary Component, X", of the Complex Nuclear
magnetic field into the specimen, a possible inter- Susceptibility for Plastically Deformed
pretation of these results is that the change in Aluminum Based on Measurements of
lineshape observed for the 25% deformed specimen Experimental Curves and Gaussian
may be associated with inhomogeneous deformation Lineshape Assumption
existing in this specimen.

Strain M" (%)
CONCLUSIONS (%) First Derivative Second Derivative

As a consequence of the r~sults obtained to 0 84 89
date, the following conclusions are reached: 4.8 49 88

(1) Nuclear acoustic resonance signals 9.8 82 63

observed in polycrystalline aluminum 14.9 53 71
are quantitavely similar to NAR signals 19.8 48 77
in single crystal aluminum. 25.0 66 51

(2) The NAR signals are asymmetric due to Table III.
an admixture of x' and X". The Acoustic Absorption Linewidth for Plastically

Deformed Aluminum Measured from Experimental Curves
(3) The NAR linewidth and admixture of X' Strain LinewidthGauss)

and X" vary with plastic deformation.
(%) First Derivative Second Derivative

(4) The NAR lineshape for plastically
deformed aluminum does not fit a 0 93 105
Gaussian function. 4.8 8.0 11.3

9,8 7.3 9.7
(5) The effect of modtulation frequency 149 7.2 8.5

on lineshape depends on the amount
of plastic deformation. 198 &9 9.3

25.0 8.0 10.5
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NONDESTRUCTIVE EVALUATION OF BULK STRESSES IN ALUMINUM AND COPPER

K. Salama and C. K. Ling
Department of Mechanical Engineering

University of Houston
Houston, Texas 77004

ABSTRACT

The effect of applied stress on the temperature dependence of the longitudinal ultrasonic velocity
has been investigated in commercial aluminum and copper. Velocities of 10 MHz longitudinal waves as a
function of temperature were measured on ten specimens of these metals while they were subjected to ex-
ternal compressive stresses. In all measurements, the velocity increased linearly as the temperature was
lowered in the temperature range between 280 and 200 K. Furthermore, the slope of this linear relation-
ship was found to decrease linearly as the amount of applied compressive stress was increased wiihin the
elastic limit of the specimen under investigation. The maximum decrease in the temperature dependence of
aluminum and copper were respectively 23 which occurred at a stress of 96 MPa, and 6' which occurred at
180 MPa. The linear relationship between the temperature dependence of the ultrasonic velocity and the
applied stress was then used to determine the change as a function of distance of the tangential component
of the stresses developed when an aluminum rod was shrunk fit into a slightly smaller hole drilled in an
aluminum disc. Excellent agreement was obtained between the computed stress distribution, and that me-
asured using the temperature dependence method.

INTRODUCTION

Only in the case of surface stresses in com- monic nature of the crystal lattice, and are direct-
ponents made of crystalline materials, can nondes- ly related to the coefficient ,? higher-order terms
tructive evaluation of stresses be performed by in the strain energy functionI

u
. A measure of the

the X-ray diffraction method. Although consider- temperature dependence of the ultrasonic velocity
ably improved in the last ten years, this method can, therefore, be used to evaluate bulk stresses.

still suffers from serious problems which severely Experiments undertaken on pure aluminum
1 

and cop-
restrict its applications

2
, 9. Ultrasonic methods per

12 
plastically deformed in compression showed

appear to hold the best promise in measurements that the ultrasonic velocity, in the vicinity of

of bulk stresses i2 both crystalline and non-cry- room temperature, changed linearly with temperature,
stalline materials . All these methods are be- and the slope of the linear relationship changed
lieved tD utilize the anharmonic properties in considerably as the amount of prestrain was varied.

solids, however, the exact mechanism in each is not In aluminum, the relative changes of the temperature
yet established. dependences of both longitudinal and shear velocities

These anharmonic properties can be described increased by as much as 23, at a prestrain of aporox-
in terms of changes in the elastic constants or imately 13 .

velocities of ultrasonic waves when stresses are In this paper, the effects of compressional

applied to the solid. Calculations have shown elastic stresses on the temperature dependence of

that these velocity changes are linear functions the longitudinal ultrasonic velocity have been

of applied stresses, and combinat ons of second- studied in commercial aluminum and copper. The re-
and third-order elastic constants . In the ap- suits obtained on these two metals show that the
plication of these calculations to determine un- relative change in the temperature dependence is a

known stresses, both the velocity in the absence of linear function of the elastic stress applied. The

stress as well as third-order glastic constants linear relationship for aluminum was used to deter-

have to be known independently. In addition, mine the stress distributions generated by an alu-

the measured velocity strongly depends on micro- minum rod which was shrunk fit into a smaller hole
structural features which makes it necessary to drilled into an aluminum disc. The agreement be-
develop a calibration between velocity and stress tween stresses measured by the temperature de-

in order to be used in the determination of un- pendence method and those calculated was very good.

known stresses. Development of preferred orienta-
tions (texture) during deformation or fatigue, EXPERIMENTAL

severely modify the third-order elastic constants.
These problems can be solved when the differences Five aluminum and five copper specimens were
between velocities of shear waves polarized per- used in this investigation. The specimens were
pendicular and parallel to stress direction are machined in the form of rods of 0.95 cm in diameter
used

7
. Due to these differences, a shift in phase and 1.29 cm in length, to be suitable for ultrasonic

will occur, and the out-of-phase components will measurements. Three of the aluminum specimens were

4nterfere and cause a change in intensity. This of the type 2024-0, which were annealed for four

method, however, does not have at present enough hours at 400
0
C in a vacuum of 10-6 torr. The other

sensitivity, and requires an accurate determination two specimens were made of Aluminum 6063-T4, and
of the shear velocity in the absence of stress

8 .  
were used as received. The copper specimens were

Basically, the temperature dependences of the all of the type CDA 110, where two of them were
elastic constants of a solid are due to the anhar- annealed in the same way the aluminum specimens were,
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and the other three were used as received, it is subjected to compressional stresses. The
The system used to apply external stresses on the least mean square method was used to determine the
specimens is shown in Fig. (1). It consists of a slope of the straight line (dV/dT) which best fit
split collar of inner diameter and height closely the experimental data representing V vs T. The
equal to those of the specimens used. The collar accuracy in determining dV/dT by this method was
was made of brass in order to minimize the effect estimated to be t2%.
of differences in thermal expansion during the Table I lists the results obtained on the five
temperature range (280-200) covered in the tempera- aluminum specimens investigated in this work. The
ture dependence measurements. In addition, high table includes the values of the temperature de-
viscosity oil (46,500 cs.) was put between the pendence of the longitudinal velocity, measured at
screws and the collar, which proved to be effective stresses ranging between zero and the yield stress
in keeping the stress applied uniform and constant of the specimen. Because the values if dVX/dT at
during measurements. The stress was applied by zero stress were found to vary among specimens in-
tightening the screws of the collar, and simul- vestigated, the relative change in the temperature
taneously measuring the change in the diameter of dependence, A, due to the application of stress
the specimen. This change was measured by a was calculated, and its values are listed in co-
shadow-graph capable of measuring changes in dia- lumn 4 of table I.
meter with an accuracy of ±5%. Values of applied
stress were computed from the product of strain TABLE 1.
and the appropriate elastic modulus. In order to
ensure that the stress applied was elastic, the Effect of applied compressive stress on the tempera-
diameter of the specimen was measured after ultra- ture dependence of ultrasonic longitudinal velocity
sonic measurements were finished, and the stress in aluminum. Stress is applied in a plane perpen-
applied was removed. dicular to the waves propagation direction.

The ultrasonic velocity was measured using
the pulse-echo-overilp method which has been fUlly Specimen Applied Stress -dVk/dT(m/S.K) 0t
described elsewhere . Figure 2 displays the x- (MPa)
perimental system used in this investigatior A A (2024-0) 0.0 1 0.923 0.0
pulse of approximately, 1 -p sec duration of V20i-
able pulse-repetition rate is generated by the 21.4 0.878 4.9
ultrasonic generator and impressed on a transducer
of a fundamental frequency of 10 MHz which is B (2024-0) 0.0 0.957 0.0
acoustically bound to the specimen. The reflected 37.2 0.856 10.6
rf echoes are received by the same transducer,
amplified and displayed on the screen of an os- C (2024-0) 0.0 1.007 0.0
cilloscope. Two of the displayed echoes are then
chosen and exactly overlapped by critically adjust- 44.1 0.908 9.8
ing the frequency of the C.W. oscillator, and the
division factor on the decade divider. This fre- D (6063-T4) 0.0 1.111 0.0
quency f, accurately determined by the electronic 94.5 0.866 22.1
counter, is employed to compute the ultrasonic
velocity using the relation V=2 f, where 9 is the E (6063-T4) 0.0 1.066 0.0
length of the specimen. X-cut transducer is used
for the generation of the longitudinal waves. A 27.6 1.008 5.5
continuous flow cryostat in conjunction with a 46.2 0.955 10.4
temperature control arrangement is used to maintain
the temperature of the specimen at any desired 75.8 0.875 17.9
value between 300 and 200 K. The system is cap-
able of measuring changes in the ultrasonic ye- Pure, Annealed 0.0 0.847
locity to an accuracy of better than 1 part in 105,
and She temperature of the specimen to within These values of A are calculated from the relation-

±0.1 C. ship,

RESULTS A= dT /dT)0 (1)

The velocity of longitudinal ultrasonic waves The variations in the temperature dependence me-
was measured as a function of temperature on five asured on these specimens at zero stress are be-
aluminum specimens denoted A, B,. C, D and E. The lieved to be due to the differences in residual
measurements were undertaken while the specimens stresses in these specimens, even after annealing
were subjected to various amounts of compressional Also included in this table, is the value of (dVZ/dT)o
stresses applied in a plane perpendicular to the obtained on annealed pure aluminum11 (99.99%) which
direction of propagation of the ultrasonic waves, is smaller than any of the temperature dependences
Typical examples of the results obtained on speci- measured on these commercial specimens at zero
men E are shown in Fig. 3, where the longitudinal stress.
velocity V is plotted vs temperature T, at the The results in table I indicate that the tem-
stresses 0, 27.6, 46.2 and 75.8 MPa. From these perature dependence of longitudinal velocity de-
data, one can see that the longitudinal velocity creases as the amount of compressional stress is
increases linearly with the lowering of temperature, increased. The relative changes in the tempera-
and the slope of this linear relationship dVt/dT ture dependence, obtained on all five specimens
decreases as the applied stress a is increased, investigated, are Olotted in Fig. 4, as a function
The absolute value of the velocity, however, is of stress applied. The plot shows that all data
increased with the increase of the applied stress, points lie on a straight line which passes
indicating that the specimen becomes stiffer when through the origin. This indicates that, regard-
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less of the type of aluminum used, the relative dependence of the velocity was found to increase
change in the measured temperature dependence is a instead of further decreasing. This occurred in
linear function of the applied stress. _he slope both aluminum and copper specimens, where the in-
of this linear relationship is 2.4 x 10 per MPa, crease in (dVi/dT) Is increased as long as the stress
which yields a maximum change of 23% at a stress of applied on the specimen was beyond the elastic
96 MPa. limits. These results are consiltent with those

Table II contains the results of the tempera- obtained by Salama and Ippolito' in their study on
ture dependence of ultrasonic longitudinal ve- the effect of plastic deformation on the temperature
locity obtained on five copper specimens designat- dependence of the ultrasonic velocity.
ed A, B, C, D and E when they were subjected to The data plotted in Figs. 4 and 5 suggest that
compressional stress applied in a plane perpen- the temperature dependence of the ultrasonic ve-
dicular to the direction of wave propagation. Two locity measured at an applied compressional stress
of these five specimens were in the annealed state, o, can be represented by
before any velocity measurements were undertaken,
while the other three were used as received. Also (dV/dT),- (dV/dT)o
included in this table is the value of (dVe/dT)o  (dV/dT) Ko (2)
measured on pure annealed copper

1 . In this case, 0

(99.999%) (dVZ/dT)o is approximately equal to where (dV/dT) o is the temperature dependence at zero
those obtained on commercial annealed specimens, stress, ang K is a constant equal to 2.4 x 10-3 or
but considerably lower than the temperature de- 0.25 x 10-s per MPa for aluminum or copper res-
pendence determined on the as received specimens. pectively. Equation 2 relates the relative dif-

ference of the temperature dependences of the ve-
TABLE 11 locity with and without stress as a function of the

applied stress.
Effect of applied compressive stress on the tem- The use of equ. 2 in the determination of un-
perature dependence of ultrasonic longitudinal known stresses in a specimen, requires the knowledge
velocity in copper. Stress is applied in a plane of the temperature dependence of the ultrasonic
perpendicular to the waves propagation direction. velocity at zero stress in the material from which

the specimen was made. Theoretical calculations of
Specimen Applied Stress -dVk/dT(m/S.K) A' (dV/dT) are not available at present. This means

(MPa) that values of this parameter should be either de-

A (annealed) 0.0 0.487 0.0 termined independently by a separate experiment, ur
estimated from other appropriate results. Measure-

23.4 0.484 0.7 ments of (dV/dT) at zero stress, made on different

205.4 0.463 4.9 types of specimens (Tables I and I) have shown that
this quantity differs considerably with heat treat-

B (annealed) 0.0 0.486 0.0 ment, and to a lesser extent from one specimen to
the other. These differences are mainly due to the

117.2 0.468 3.6 variations of residual stresses in specimens, even
when they are given the same heat treatment. This,

C (COA 110) 0.0 0.557 0.0 of course, limits the use of equ. 2 in the deter-
100.7 0.541 2.9 mination of the absolute values of unknown stresses.

However, as will be shown in the next section, a
179.9 0.523 6.1 reasonable estimate of the stress at any location

on the specimen, will make it possible to determine
D (CDA 110) 0.0 0.509 0.0 bulk stresses at other locations on that specimen

59.3 0.502 1.4 using equ. 2.

131.0 0.496 2.5 STRESS DETERMINATION

E (CDA 110) 0.0 0.497 0.0 In order to examine the possibility of using

124.1 0.485 2.9 equ. 2 to determine unknown stresses, the shrink
fit method was employed to introduce known stress

Pure, Annealed 0.0 0.495 distributions in a disc made of type 6063-T4
aluminum. The diameter of the disc was 3.50 cm

Similar to the behavior observed in aluminum, while its thickness was 0.79 cm. An aluminum rod
the temperature dependence of the ultrasonic long- of the same material was shrunk fit into a hole
itudinal velocity in copper is found to decrease drilled in the center of the disc. The diameter of
as the applied stress is increased. The decrease the hole was 0.50 cm, while that of the rod was
in the temperature dependence for the same stress 0.0064 cm larger. In order to fit into the cryo-
is, however, much smaller in copper than in alumi- genic system employed to control the temperature of
num. A plot of the relative change in (dVR/dT) as the system, the disc was then machined to its final
a function of stress for all five copper specimens, shape shown in Fig. 6.
is shown in Fig. 5. Again, a straight line which The stresses generated in the disc due to the
passes through the origin, is found to represent presence of the rod can be represented by an axial
the relative changes in (dVg/dT) vs stress. The component oa , a radial component or, and a tangen-
maximum value of A obtained is about 6% at a stress tial component ot, which are related by the relation-
of 180 MPa The slope of the straight line is ship, oa=v(Or+ t), wherev is the Poisson's ratio.
0.25 x l0- per MPa which is approximately an order Three independent measurements are then required to
of magnitude smaller than that calculated from determine the values of these components: the tem-
aluminum data. perature dependences of the longitudinal and the two

ihen the stress applied to the specimen was shear velocities of the ultrasonic waves propagating
high enough to cause yielding, the temperature along the thickness of the disc. The two shear
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velocities will be measured with the polarization in Fig. 6, along with a shear modulus V = 0.26 x 105
vector parallel to and perpendicular to the radial MPa and a Poisson's ratio v=0.346, the tangential
line connecting the center of the rod and the tip component of the stress was calculated as a function
of the circumference of the disc. These measure- of the radial distance, and plotted in Fig. 6.
ments, will evaluate the resultant of the stress From this plot, one can see that the tangential com-
components acting in a cyclinder of cross-sectional ponent in this disc is compressive near the rod,
area equal to that of the transducer used in the equal to zero at approximately 0.4 cm, and becomes
measurements (0.08 cm2 ), and of length equal to the tensile at larger distances. Between 0.4 cm and
thickness of the disc (0.79 cm). The results of the circumference of the disc, this component has a
the temperature dependences of the longitudinal and maximum at 0.6 cm of approximately 95 MPa, which
the two shear velocities (dVZ/dT), (dVs/dT)lI and decreases to 1.4 MPa at the circumference. The
(dVs/dT) function of distance between 0.45 and values of the tangential stress component at the
1.60 cm .re listed in table Ill. These distances locations where ultrasonic measurements were under-
are measured between the centers of the rod and the taken, are listed in table IV.
transducers. From this table one can see that the
values of (dVt/dT) at the four locations are equal
to within ±2%. This shows that the stress component TABLE IV
measured by the temperature dependence of the long-
itudinal velocity, remains unchanged over the dis-
tance where the measurements were performed. Ana- Radial -(dV /dT)(m/S.K) Applied Stress' Applied
lysis of stresses in the disc used in the present Distance s 1 (calculated in Stress
investigation, indicates that only the axial com- MPa) measured
ponent remains constant over that distance, in MPa)

TABLE Ill 0.45 0.831 34.0 44.8

The temperature dependences of the ultrasonic longi- 0.70 0.756 74.4 69.0

tudinal velocity(dVj/dT), the ultrasonic shear 0.95 0.849 22.8 22.1
velocity polarized parallel to the radial direction 1.60 0.899 1.4 1.4
(dVs/dT)i , and the ultrasonic shear velocity
polarize perpendicular to the radial direction *G.N. Savin, "Stress Concentration Around Holes,
(dV /dT)I , as a function of the radial distance R Pergamon Press (1961), p. 116.
in the aTuminum disc shown in Fig. 6.

Also included in this table, were the values of the
Radial Temperature dependence of ultrasonic temperature dependence of the shear velocity mea-
Distance velocity (m/S.K) sured when the polarization vector was perpendicular
R (cm) -(dV,/dT) -(dV s/dT) -(dV /dT) to the radial direction. At 1.6 cm (close to the

circumferenceof the disc), (dVs/dT)l is -0.899m/s.K

and the value of the tangential cor.ponent is 1.4 MPa.
0.45 1.123 0.821 0.831 Assuming this value of temperature dependence cor-
0.70 - 0.770 0.756 responds to the stress calculated at this point,
0.95 1.088 0.868 0.849 values of the tangential component at the other three

locations were calculated using equ. 2, and the me-
1.15 1.113 asured values of the temperature dependence. These

values are included in column 4 of table IV. The
1.60 1.107 0.914 0.899 agreement between these values of the tangential

component, and those calculated using Savin's equa-
tions is very good considering the approximations

The data listed in table III, also show that made in calculating these stresses.
the values of the temperature dependences of the Unfortunately, no comparison could be made
two shear velocities obtained at the same distance, between radial stresses determined from the tempera-
are equal to within ±1%. This indicates that the ture dependence measurements and those calculated
stress components measured by these two temperature from elasticity theory, which are difficult to com-
dependences at the same distance from the center pute for an eccentric hole in a disc. Nevertherless,
of the rod should be equal. As a function of dis- the values of (dVs/dT)ll listed in table III, indicate
tance, however, the values of either of the shear that the distribution Vf the radial stress component
temperature dependences change considerably. Close along the axis OX will be similar to that of the
to the edge of the disc, where the radial or the tangential component. At the circumference, Or will
tangential stress component is small, the tempera- be equal to zero, increases to a maximum compressive
ture dependence is the largest, and equal to about value at R=0.7 cm, and then drops sharply to zero
-0.9 m/S.K. This value decreases as the distance at R 0.4 cm. As a function of distance, the sum
from the center of the rod is decreased, and reaches of the tensile tangential and the compressive radial
a minimum around 0.7 cm. As the distance from the components (at + or ) should be constant, as indicated
rod is further decreased, the value of (dVs/dT) is from the small variations found in the measurements
increased again. ofr(dV/dT) listed in table v t f . Values of this

The stress distribution in the disc shown in quantity determine the axial component of the stress
Fig. 6, may be approximated by that generated in a qantity detequin the axial rcomponent of the tes
circular plate of 2.3 cm in diameter, with an ec- Oa which is equal to v(ot+Or). The sum of the tan-
centric hole of 0.5 cm in diameter and at distance gential and the radial stress components are expectedcentic oleof .5 c indiaete andat istnce to be small. as the values of (dVjIdT) listed in
0.6 cm from the center of the plate. The hole is tobe sll ase v ls ofthose ised n
subjected to inside radial pressure. Savin 5 cal- table III are very close to those measured on speci-

culated the distribution of the tangential stress
component in this case, and his calculations are
shown in the Appendix. Using the dimensions shown
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TRIbOSTIMULATED EMISSION OF ELECTRONS AND NEUTRAL PARTICLES FROM ANODIZED ALUMINUM

J.T. Dickinson and P. Braunlich
Physics Department

Washington State University
Pullman, WA 99164

ABSTRACT

The physical and chemical properties of anodic oxide layers on metals such as Al play important
roles in a number of applications such as adhesive bonding and corrosion resistance. An overall test of
an oxide layer sensitive to a number of oxide properties is difficult to find. We have been studying the
tribostimulated emission of charged particles, neutral particles, and photons during tensile deformation
of anodically oxidized Al alloys. The characteristic emission curve (emission rate vs. strain of the
Al substrate during constant strain rate) is found to depend strongly on the anodization parameters.
A comparison of neutral particle emission with electron emission will be presented. Correlations between
acoustic emission from oxide cracking and electron emission will also be discussed.

INTRODUCTION emission as a function of electrolyte temperature.

Exoelectron emission is generally due to the Qualitatively, the behavior observed in these last
release of highly localized energy at the surface three figures can be explained on the basis of the
of a solid in a relativly short time period. Many assumption that the more bonds that are broken the
competing processes can dissipate this energy, greater the electron emission. Examination of the
particle emission being one of the least likely samples under the SEM shows variations in both
and phonon production being the most likely. The thickness and porosity. Both these features will

emission we observe in these experiments can be alter the number of bonds ruptured in the cracking
directly correlated with the propagation of cracks process.
in the oxide coating. The manner in which an oxide NEUTRAL PARTICLE EMISSION

coating responds to uniform straining of the al- We have also observed neutral particle emission
uminum substrate and the resulting emission of par- We he ls orv ed Ale Iso
ticles is strongly dependent on the mechanical and during tensile deformation of anodized Al. It also
chemical nature of the oxide coating. takes on a characteristic shape and intensity which

Experimental details of our experiments may depends on the nature of the oxide. Fig. 7 shows

be found in des1-3. The electron emission the neutral emission observed during the elongation
is measured in -torr vacuum with a channeltron of a sample with a dense oxide (ammonium tartrate-

electron multiplier. A typical characteristic 3000 A ). For comparison, the electron emission

emission curve for a dense barrier-type oxide on curve for an identical sample is also shown. With a

Al 2024 clad is shown in Fig. 1. The shape of the quadrupole mass spectrometer, the neutral species

large peak at 5. strain agrees well with optical were determined to be 02 and CO for the dense oxide.larg pek a 5% tran areeswel wih opica Fo porus 3PO oxieswe nl)observed O.,

microscopy measurements of rate of crack growth. For porous H3 PO4 oxides, we on o 0 e

The small peak at 14% strain coincides with the are fairly sure these molecules are associated with

necking of the sample prior to rupture. Any phen- trapped impurities because they are the same species

omena which disrupts the oxide layer and initiates released when the samplcs are heated to a few hundred

crack growth leads to the emission of electrons. degrees C. One notices the much slower decay of the
neutral emission relative to the electron emission

DEPENDENCE ON ANODIZATION PARAMETERS in Fig. 7. This occured on all samples studied. If
one stops pulling the sample while it is emitting

Certain porous duplex oxides grown in H PO one finds that the neutral emission decays away with
are known to facilitate adhesive bonding of Al. 4 time constants of 6 sec for the CO and 10 sec forare now to aciitae adesie bndin ofO.. This implys a very slow process which we feel
The samples prepared by a laboratory "baseline" i the diffusion of atoms/molecules to the crack

procedure provided by the Boeing Commerical Air- wl oe dffus ion T hecucto the crack

craft Co. are referred to as Boeing Baseline sam- wall before desorption. The conduction of the cracks

ples. Figures 2 and 3 show characteristic exo- is much to large to account for these large time

emission curves (CECs) for a Boeing Baseline sam- delays. We have modeled the release of neutral

ple and two samples with vxides formed under slight- molecules following crack propagition and can fit

ly anodization conditions. One sees that the CECs the experimental data quite well . Fig. S. shows

change for these different conditions, the dependence of neutral emission on oxide thickness

We have carried out a systematic variation of for dense oxide layers.

a number of anodization parameters around the Boe-
ing Baseline procedures. One simple effect to show C WORRELATION. OF.ECTIRONC [MISSION

is the change in the total number of electrons WITH ACOUST.IC E MISS1pN

counted as a function of this single parameter.
Fig. 4 illustrates the manner in which total emis- By attaching an acoustic emissio6 (A) traris-

sion changes with oxide thickness (varied by vary- ducer to the back of the sample, we can detlt the

ing the anodization voltage). The observed increase bursts of acoustic energy associated with oxide

with film thickness is seen to be exponential above cracking. Tests with no oxide present, various

2500 A. Fig. 5 shows the effect of changing the lengths of oxide on the sample gauge, and correla-

electrolyte concentration and Fig. 6 is the total tions with optical microscopy measurements show that
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the acoustic emission observed is associated with It is very difficult to determine the t=O point
oxide cracking. For this work we have been using of the AE burst. To within an uncertainty of about
Al 1350 (99.5% Al) annealed at 370 C which yields 20 usec, the two events appear simultaneous.
negligible substrate AE. The AE and exoelectron Fig. 12 shows the distribution of time between AE
emission (EE) can be obtained simultaneously. and EE determined by a time-of-flight like experi-
With a 5 mnm patch of 5000 A thick oxide (dense- ment. where we mention again our t=O mark is still
ammonium tartrate) on the side of the sample fac- uncertain. However, a very sharp distribution is
ing the electron multiplier, healthy quantities observed, suggesting that the electrons are released
of AE and EE are observed, very rapidly after the crack propagates and do not

Fig. 9 shows AE and EE count rate vs. strain continue to emit for times on the order of a few
curves for the above oxide. The two curves are microseconds. This is consistent with a mechanism

seen to be intimately related. We thus conclude wherein the energy available for emission is
that a necessary condition for tribostimulated EE rapidly dissipated. We are nearly in the position
is the occurence of oxide cracking. to reduce the t=O uncertainty by at least a factor

Fig. 10 shows AE and EE curves taken at a of 10. We can then approach a model for EE with
slower strain rate such that the absolute rates of mere confidence.
detected emission were carefully determined ACKNOWLEDGEMENTS
throughout the experiment. This allows us to take
an accurate ratio of EE to AE indicating what the We gratefully ackowledge support for this work
probability of EE is relative to AE. The EE/AE from the Air Force Office of Scientific Research,

ratio is seen to be near unity and depends on frant No. 78- c5 andite oen C sear-

strain. The cracks that occur in the inital rise Grant No. 78-3650 and the Boeing Commercial Air-

of the major peak (in the region of 0.8-0.9 % plane Company, We also wish to thank E.E. Donald-

strain)appear to be significantly more "efficient" son and D. Snyder for their contributions to this

in producing electrons. These are the initial work.

cracks formed in the oxide whereas the cracking
occuring later is simply crack extension. In the REFERENCES

major portion of the curve the ratio is one to one. 1. J.T. Dickinson, P.F. Braunlich, L.A. Larson and
Finally, the ratio climbs as the AE curve is seen A. Marceau, Appl. of Surf. Sci. 1, 515 (1978).

to drop off faster than the EE curve. We believe
this is due to chemiemission as we will comment 2. D.L. Doering, T. Oda, J.T. Dickinson, and P.F.

later. Braunlich, Appl. of Surf. Sci. 3, (1979).

Another basic question is the time relation 3. L.A. Larson, J.T. Dickinson, P.F. Braunlich,
between AE and EE. If one pulls the sample very and D.B. Snyder, J. Vac. Sci. Technol. 16,
slowly, the bursts of AE and EE can be displayed 590 (1979).
as single events by means of sui4table pulse
shaping and the use of two syncronized strip chart 4. N.K. Saadeh and J. Olmsted IMl., J. Phys. Chem.
recorders (We refer to this as our two graduate 79, 1325 (1975).

student coincidence experiment). Manually, the
observer can detect "coincidence" between the
two emissions to perhaps within 0.1 sec. Fig. 11
shows the two sets of bursts over approximately
4 minute intervals: a) near the peak of exo-
emission and b)out on the tail of exoemission
with the pulling stopped and the sample held at
constant strain. The bursts labeled o are out of
"coincidence" and those labeled i are in "coin-
cidence". Near the peak one sees that nearly all
of the electron bursts are in "coincidence" with
an AE burst. Those EE bursts out of coincidence
can easily be accounted for by background which is
two to three counts per minute. This implys that
EE occurs within 0.1 sec of the propagation of
a crack in the oxide. Fig. 11-a also shows that
a number of AE bursts occur without an accompany-
ing electron burst. From our ratio determination
in Fig. 10, this implies that many electron bursts
consist of more than one electron.

In Fig. 11-b, one sees a few electron bursts
in coincidence (those marked i) but a much larger
number that are out of coincidence (o). It is this
random component that we feel is due to chemi-
emission

4
due to the reaction of gaseous species

with the freshly exposed Al upon cracking of the
oxide. lhe source of the gas coulg be the oxide
itself or it could be from the 1 0- torr back-
ground in which the experiments were performed.
We are planning to repeat these experiments in
UHV to determine the source of gas. With Al,
02 is a likely candidate.

Finally, we have been attempting to measure
more precisely the time interval distribution
between the AE burst and the emitted electrons.
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FIG. l.Typical data obtained from a strong exoemitter (Al 2024 clad, covered with 3000 A thick
dense oxide grown in ammonium tartrate). The upper curve represents the recorded display
of the multichannel analyzer. The lower curve is a strip chart recording of the rate-
meter output obtained with a 5 second response time. The small peak preceeding rupture
occurs when the sample is necking down which severely disrupts the surface of the alumn-
inum. This leads to additional oxide cracking and exoemission.

104



(a)

BOEING
w BASELINE H3 PO4

W- _J ON 2024 Al CLAD

Cr TOTAL NUMBER
0 / OF COUNTS 236

0 6 12 17
% STRAIN

FIG. 2(a). The characteristic exoemission curve from a Boeing Baseline sample anodized in a 10.
by weight H PO solution. The substrate was A12024 clad. Although the emission was
weak, it wa vry reproducible from sample to sample.
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FIG. 2(b). Another CEC from a Porous oxide with deviations from the Boeing Baseline procedure
(a lower anodization voltage, lower anodization bath temperatare and acid concentra-tion). This produced a slightly thinner and smoother (less porous) oxide. Note the
comparison with the Baseline CEC.
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Figure 3. A third variation on the Boeing anodi-
BOE INGzation procedure. A substantially higher 40OEI 4

anodization voltage, a slightly lower temper- 2VH3PO4 ON

ature, and a lower acid concentration were used 2024 Al CLAD

for this sample. This produced a thicker oxide 35
than the baseline sample. It is interesting TOTAL NOOF COUNTS

that the CEC from thicker porous oxides resemble 3008the CECs from dense oxides, suggesting similar 30-

cracking mechanisms. 0
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Figure 4. Total exoemission (total Figure 5. Total exoemission vs. electro-
counts accumulated during the pull) lyte concentration for two porous oxides.
vs. thickness for a voltage-varied The upper curve was grown at 30V, the
porous oxide (H PO ). All the anodi- lower curve at 1OV. This results in a
zation paramete s 9ther than voltage considerably thicker oxide for the 30V
are the same as Boeing baseline, samples. The dominant effect in the

concentration range studied here is an
increase in the porosity of the oxide
with concentration. This leads to less

oxide material actually cracking and
therefore a decrease in emission.
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Neutral Emission v.s. Thickness
Dense Oxide on Bare 2024
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ELECTROLYTE TEMPERATURE
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Figure 6. exoemission vs anodization
temperature for a H P04 porous oxide. Figure 8. A summary of the total amount
Both oxide thicknes and porosity of neutral and 0 emission from dense
change with temperature. 

oxides on bare 2624 Al. This differs

from exoemission in that in this
thickness range, it grows exponentially.

Note the the 02 emission actually begins
to decrease at higher thicknesses.

Dense Oxide on Clad 2024 
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Figure 7. Total neutral emission as
measured by a Bayart-Alpert gauge vs.
strain for a dense ammonium tartrate
oxide (3000 A) on Al 2024 clad. Also
shown is an electron emission curve for
an identical sample. The circles are
the calculated points for a model of -o
neutral emission. The cracking of the

oxide is clearly the initial step.
Gases observed for the dense oxide were Figure 9. Correlation of acoustic
02 and CO2. Note the peak at rupture. emission from crackinp oxide and ext-

electron emission. The curves are
very similar. This helps sulstantiatv
that the mechanism for electr( r. emi ssi ,&
is indeed the propagation of cracks ir.
the oxide. Data is output of twc, c(-urt
rate meters.
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Figure 10. The AE and EE from
anodized Al 1350. Care was EMISSIO F5.0 AL 13.50 S0o A ofsa o,6
taken to obtain the absolute srA, t ATE 0 o,4 /UP

intensities of the two emis-
sions for the entire pull.
This allows us to take the
ratio of EE/AE, which is the N_ RR ro
dotted curve. "New" cracks AE
emit electrorsbetter. The
rise in the ratio during the
tails of the emission curves
is believed to be due to 2

chemi-emission. 0.

0 EE

5 3 *1 s ( 7

Y7. STRA'Ad

Figure 11. The correlation of
EE and AE in time for rela- coRRELATIN, OF Et Ago AE 16 T.e

tively slow times. The -A. - a , r . ... ,s,.
spikes shown correspond to
the occurrence of bursts of o .. ..

AE and EE. I, •1_1 1i

k.AM L*t
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Figure 12. Distribution
of time between occur- ioo
rence of acoustic emission
and electron emission. SLETROP

The distribution of the time interval between the occurrence of AE and EE. A multichannel
analyzer with a time-of-flight module was employed to detect electrons correlated in
tim with an accoustic burst. At the momnt we can not say with certainty where t-O
is relatiwe to this distribution. This is due to the nature of the AE burst. In spite
of about a 20 wsec uncertainty. we can say that within these few microseconds, all of
the electron emission is over.
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A REVIEW OF RECENT POSITRON ANNIHILATION NJDE APPLICATIONS

S. Panchanadeeswaran, Po-We Kao, R. W. Ure, Jr., and J. G. Byrne
Department of Materials Science and Engineering

University of Utah
Salt Lake City, Utah 84112

ABSTRACT

This review will treat two recent applications of positron annihilation to metallurgical studies and
will involve the measurement of the Doppler effect associated with the gamma rays emitted during positron
annihilation. The applications will be: studies of the interactions of dislocations with pre-precipitates
in aged Al-4 weight percent Cu single crystals and studies of the effect of hydrogen charging into poly-
crystalline nickel.

INTRODUCTION specimen surface than the latter positrons.

Earlier1 it was reported that a commercial P/W data for an aged single crystal utilizing
aluminum base age hardening alloy, 7075, responded a Na2 2 positron source are shown in Fig. 1, plotted
to Doppler broadening measurements by exhibiting against the principal aging temperature. One sees
higher values of the peak to wings shape parameter a rise in P/W ratio from the solid solution level
for harder conditions. Thus, the Doppler shape to the G.P. zone conditions and a later decline as
factor was behaving in much the same way in which a' and e are formed.
it would respond to plastic deformation in a pure
metal; that is, in a pure metal subjected to damage Figure 2 exhibits P/W data taken on the same
the Doppler peak shape becomes sharper because samples, but with Ge68 as the positron source.
dislocations and vacancies provide locations for One sees a similar trend (except for the G. P. II
positron trapping which are lacking in ion cores. point) in the data, all of which lie in a lower
Hence, positrons attracted to and trapped in such magnitude range. When these experiments were
regions will tend more to annihilate with lower repeated with polycrystalline samples and the Ge68

energy conduction electrons. Such annihilations positron source, similar data trends to those of
cause a smaller Doppler shift from the central Fig. 2 resulted (with the exception of G. P. I1).
energy value of 511 keV than would be caused were
the positron to annihilate with a more energetic A number of conclusions emerge at this point.
core electron. Thus, the curve representing the For the "bulk" data obtained with Ge68 , the P/W
number of annihilations versus plus and minus values for the polycrystals were usually lower
deviations in annihilation gamma ray energy about point for point than the corresponding values for
a central value of 511 keV (the value if the the single crystal experiments. This would suggest
electron-positron center of mass were stationary) that in the quenched condition fewer point defects
sharpens with rising defect concentration and, are present in the polycrystal because of leakage
conversely, the shape broadens with the annealing to grain boundary sinks. In subsequent aging this
out of damage. The gamma rays emitted on annihi- would lead to a lower density of pre-precipitate
lation enter a Ge Li) spectrometer capable of nucleation sites in the polycrystal. This would
measuring their energy. account for the lower P/W ratio in a G. P. zone

condition because the coherency strain or hardness
RESULTS of the region measured would be lower.

[o have a better chance of understanding the Again, the case of the G. P. II zone contain-
response of positrons to changes during age ing single crystal Ge68 data violates this scheme.
hardening2 , we set out to produce well documented The same data point will later be seen to be at
aged states in a known alloy; that is, to look at variance with the interpretation given to the 8'
G. P. zones, transition precipitates (@'), and the condition; that is, it can reasonably be regarded
equilibrium precipitate (0) in both single and as a bad data point, but for reasons as yet
polycrystalline Al + 4 weight percent Cu alloy, unclear.
The heat treatments used were: solution treated
(S.T.) at 5500 C for I hour + water quench (Q) for For o' and 6 data, the lower nucleation fre-
the supersaturated solid solution; S.T. + Q + quency again seems to explain the lower values of
130°C for 48 hours for G.P. I zones; S.T. + Q + P/W ratio for the polycrystalline samples. How-
190°C for 5 hours for G.P. II zones; S.T. + Q + ever, the basis for the values themselves no longer
240C for 24 hours for 0'; and S.T. + Q + 400C can be ascribed to coherency strains, but rather
for 24 hours + 315C for 48 hours for o (the may be reflective of positron trapping at the 0'
equilibrium precipitate). and 0 matrix-particle interface.

:hen peak to wing (P/W) Doppler comparisons In every case, P/W values measured closer to
were made, both Na22 and Ge68 were used as positron the surface ('a2 ) exceeded those measured at
sources. The Na22 produces positrons with a maxi- greater depths (Ge6 ). This may be related to
num energy of 0.546 HeV and the Ge" produces posi- the higher quenching rates and point defect con-
trons with a maximum energy of 1.9 MeV; thus, the centrations of the surfacp region which in turn
former positrons will sample events closer to the would on aging nroduce a higher nucleation rate
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of precipitation. very much to the cutting of G. P. zones by rigidly
moving dislocations.

Independent of depth, the quenched solid
solution was always lower in P/W ratio than either The second subject to be discussed is the
the G. P. zone or overaged conditions. This hydrogen charging of metals

7
. Earlier work" in

implies that the stain effect of G. P. zones is this laboratory showed a hydrogen-positron relation-
much more interactive with positrons than is the ship in steel which was appropriate for the non-
discreet point defect distribution created by destructive detection of hydrogen embrittlement.
quenching. The o' and 8 conditions are also more In the subsequent work

8
, nickel (after various

interactive with positrons than is the quenched amounts of cold work) was cathodically charged
state--again probably due to interfacial rather with hydrogen. The sharpness of the Doppler peak
than strain field trapping reasons. increased at first and to a greater extent the

greater the amount of initial deformation.
In comparing G. P. I and G. P. II zones, it Following the initial sharpening, a broadening

seems (with the one exception previously noted) occurred. A mechanism which could explain this
that the trapping of positrons is greater for the is one in which protons migrate to dislocations
more highly stained G. P. II condition. As one introduced by cold work and subsequently form
then passes to the partially coherent (less strain) gaseous hydrogen molecules which produce enough
9' situation, the positrons are less effectively pressure to generate new dislocations at these
trapped than by the coherent G. P. II particles, locations. The broadening of the Doppler peak,
Finally, in comparing o' and e, it seems that the following the initial narrowing, is attributed
completely incoherent o particles have a more to protons reducing the attractive potential
effective positron trapping interface than do between positrons and dislocations. Figure 7
the o' particles. shows the undulating character of the positron-

proton-dislocation relationship for two
We now proceed to more recent single crystal current densities for samples deformed 10.7

experiments' in which the interaction of various percent in tension.
of the above aged states in single crystals respond
to tensile deformation. It is known that for G. P. A 70 percent cold rolled sample was cathod-
zone states dislocations must rigidly cut through ically charged for three hours and then measured
the zones", giving the crystal a high yield as a function of time at 300°K. Figure 8 shows
strength, but a modest rate of work hardening. how P/W increased during this period. This is
For the 0' and 0 situations, on the other hand, attributed in part to the diffusion of protons out
the dislocations bow out between the particles, of the sample. This would unscreen some disloca-
wrap around, and pass on as in the Fisher-Hart-Pry

5  
tions and thus raise P/W. Another cause may be

or Orowan
6 

descriptions. The latter produces low that protons detrapped from dislocations or
initial strength, but a high rate of work hardening delivered by dislocation short-cut diffusion to
as multiple dislocation loops about the particles inclusions or grain boundary locations may combine
produce stress fields which resist the approach to form H2 and generate new dislocations by
of new dislocations. exerting pressure.

Figure 3 shows plots of Iv (the ratio of peak Figure 9 shows a schematic diagram of micro-
counts to total counts) and Ic (the ratio of wing hardness measurement directions on special samples.
counts to total cuunts) versus tensile strain for The central impression was made with a I kg load
a G. P. I zone containing single crystals. The and the two orthogonal directions enabled 25 gram
most important Feature is that Iv does not change microhardness measurements to be made as a function
with tensile strain; that is, the cutting of G. P. of distance from the large impression with and with-
I zones does not show up in Doppler broadening as out hydrogen charging. Figure 10 shows on the
would ordinary tensile strain. Ic changes appre- upper curve (HI) how the micronardness varies with
ciably only in the first 5 percent tensile strain, distance from a high dislocation density after
For G. P. II zone containing single crystals, Iv charging and after a one hour anneal at 365°K
in Fig. 4 shows little but scatter once the (curve H,); that is, with no charging.
initial 5 percent strain is completed.

Cathodic charging produced no change in the
For crystals containing the transition preci- P/W shape factor of annealed Ni; yet, the micro-

pitate a' and the equilibrium precipitate 8, the hardness of annealed Ni increased with charging
Doppler behavior is dramatically different from as is seen by the right end of curve H, (higher
that for G. P. zones as might be expected from the than right end of curve HA). This suggests that
very different deformation mechanisms involved, the P/W ratio was seeing an exact balancing between
For example, for 9' containing crystals, both Iv defect generation and defect screening by protons
and Ic respond quite rapidly to tensile strain as during charging. Yet, the existence of the defects
shown in Fig. 5. Again, for crystals containing could be seen via microhardness.
the equilibrium precipitate (, Fig. 6 shows a
lesser magnitude, but an equally rapid response ACKNOWLEGIEMENTS
than for 4'.

The authors wish to acknowledge t:ie financial
The main distinguishing feature we seem to be supp~ort of the Air Force Office of Scientific

seeing is that the cutting of G. P. zones does not Research which made this work reported in this
appreciably change the positron response, but the review possible.
operation of Fisher-Hart-Pry' or Orowan' work
hardening mechanisms definitely does cause a
positron response. The reason suggested is that
positrons trap at the dislocations which wrap
around the o' and n particles, but do not respond
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ASSESSMENT OF POSITRON ANNIHIIATION A2' A PfIrNTIAL NON-DESTRUCTIVE EXAMINATION TECHNIQUE

W. B. Jones, J. A. Van Den Avyle, W. B. Bauster and W. R. Wampler
Sandia Laboratories

Albuquerque, NM 87185

ABSTRACT

The positron annihilation technique can provide a sensitive measure of defect density in metals. In
this program the technique has been used to monitor defects generated during plastic deformation by cold
w rk or fatigue cycling. The primary goals have been 1) to assess the degree of sensitivity of the
technique, 2) to correlate positron annihilation readings with observed microstructural changes to bett,-r
understand the physical basis for these readings, and 3) to determine correlations between positron
annihilation measurements and number of fatigue cycle..

Examination of fatigued samples by transmission electron microscopy indicates some correlation
between dislocation density and positron annihilation lineshape parameter (determined by the Doppler
broadening technique). However, annealing studies of deformed samples indicate that positron annihilation
response in 316 stainless steel is sensitive primarily to excess vacancies generated during the deforma-
tion and is less sensitive to dislocation density. Data on deformed nickel show sensitivity to both
vacancies and dislocations. In general, lineshape parameter values tend to achieve a constant level at
approximately 10 per cent of fatigue life.

INTRCDUCTION concerning this characterization can be found in
reference 1, however, it is important to note that

Elevated temperature design for advanced the value of S depends on the density of disloca-
nuclear reactor components must incorporate creep tions and vacancies. The larger the value of S,
and fatigue and their interaction. Current ASME the higher is the density of vacancies and disloca-
Design Codes utilize the concept of damage accumu- tions.
lation to treat combined creep-fatigue loadings. To initiate this study, a number of fatigue
This approach assumes that bulk changes occur tests on type 316 stainless steel were conducted
during the service life that represent "damage". at room temperature and the dislocation density
One question addressed by this study has been: monitored for comparison with lineshape data. The
Is there a measure of the bulk changes that occur lineshape parameter, S, is plotted versus number
during service that could be correlated to the of fatigue cycles in Fig. 3 together with trans-
accumulated "damage"? Flaw detection is not the mission electron micrographs of representative
purpose of such a technique, dislocation substructures. For these test condi-

Several candidate schemes have been surveyed tions the dislocation density and the lineshape
with positron annihilation appearing to have more parameter both increase with increasing number of
promise than the others (1,2). Positron annihila- fatigue cycles.
tion has been shown (3) to be sensitive to Figure 4 shows the results of fatigue tests
vacancies, vacancy clusters and dislocations conducted under several different conditions. For
induced by irradiation or deformation of metals, each set of conditions, the lineshape parameter

followed the dislocation density changes; however,
RESUIS AND DISCUSSION comparison of the values of S and the dislocation

densities among the several conditions did not
Positrons injected into a metal annihilate reflect a correlation (Fig. 5). In addition, the

with electrons emitting two gamma photons. The observed changes in S saturated at about 10% of
momentum of the annihilating electron causes a life.
Doppler shift in the energy of the emitted photons. As pointed out earlier, the positron annihila-
The sensitivity of positron annihilation to vacancy tion response is known to be sensitive to the
and dislocation concentrations in crystals arises presence of both dislocations and vacancies. In
from differences between electron momentum distri- order to distinguish the relative magnitude of each
butions in the perfect lattice and at defects, contribution, isochronal annealing was conducted on
Figure 1 shows a schematic drawing of the apparatus samples of cold worked 316 stainless steel and pure
used to measure the Doppler broadening of the nickel. Figure 6 shows the changes in lineshape
annihilation line. Positrons are produced in the parameter induced by cold work for both materials.
source by the 0

+ 
decay of a naturally radioactivive In the present study, a pure Ni specimen was cold

isotope. For this study, 2Na was the isotope used. rolled to a 25% reduction in thickness and iso-
These positrons penetrate relatively short dis- chronally annealed (Fig. 7). Together with electron
tances into the metal sample (Fig. 2) where they microscopy results, these data show that after
annihilate with electrons within about 100 psec. annealing the Ni to 600 K to remove the excess
Test specimens examined in this study were sectioned vacancies, the lineshape parameter has noticeably
normal to the stress axis so that the material decreased due to the loss of vacancies. However,
sampled by the positrons was originally at the about 60% of the total initial increase remains
interior of the gauge section. due to the dislocations. Figure 8 shows that

The result of the Doppler broadening measure- after annealing 316 stainless steel at 873 K, the
ment is a distribution of gamma energies around the lineshape parameter has nearly completely recovered
511 keY line. The parameter chosen to characterize whereas electron microscopy and microhardness have
this curve Is the lineshape parameter, S. Details shown that the dislocation structure has not
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changed. From this we conclude that most of the
initial response was due to the vacancies and only
a very small fraction could be caused by the dis-
locations in the 316 stainless steel.

Figures 9 and 10 show the annealing response
of 316 stainless steel cycled at room temperature
and 866 K. As anticipated, the material fatigued
at room temperature undergoes significant annealing
of the lineshape parameter due to the large number
of excess vacancies present after cycling. In
contrast, cycling at 866 K results in a minimal

accumulation of excess vacancies and, accordingly, 1 ANNUILATMOW
the annealing treatment produced very little change D R RI
in the lineshape parameter.

CONCLUSIONS DTCO

This study has shown that positron anninila- liit
tion sensitivity to dislocation density must be
established for each alloy. Even when such
sensitivity is present, the response may be domi IT....
nated by the presence of excess vacancies. Trans- CRYOSTAT
mission electron microscopy has shown that the
density and distribution of dislocations reaches . W

a steady-state condition in the first 10% of the MAIN 3 Wi Cu

fatigue life so that, even with good dislocation AMPIMI11

sensitivity, the positron annihilation response .. \

would saturate at about 10% of total fatigue life. A'KA """ I
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DEVELOPMENT OF TRANSDUCERS FOR NDE

G. S. Kino, B. T. Khuri-Yakub, A. Selfridge, and H. Tuan
Stanford University

Stanford, California 94305

ABSTRACT

Several new types of transducers are described. These include 50 - 500 MHz transducers using thin
film technology and indium techniques, transducer arrays for imaging, edge-bonded transducers, and uni-
polar transducers.

INTRODUCTION ited on top of it. This forms a broadoand trans-
ducer whose characteristics are shown in Fig. 2.

It has been necessary during the course of our The transducer is contacted to a ceramic work piece
research to develop several new types of transducers by arranaina that the front surface of the sapphire
for nondestructive testinq. The best commercial buffer rod has a radius of the order of 20 cm.
transducers available exhibit broad bandwidth but Under relatively small forces of the order of 50
are usually highly inefficient. Good surface wave pounds, this produces a Hertzian contact with a
transducers are not easily available; transducer diameter of the order of I mn on the ceramic sur-
arrays for imaging were required, and extremely high face, which has a reflection coefficient of the
frequency transducers for work on ceramics were order of .1 . This is large enough to allow a well-
needed. In addition, we have been interested in defined high frequency cylindrical beam operating
developing transducers which could produce a uni- in the 100 to 300 MHz range to be passed through it.
polar pulse. It has therefore been necessary to Such transducers give a return efficiency of the
develop design theory for transducers and to improve order of -20 dB.
the technology for making them. This has involved
a careful study of bonding techniques and the use of
thin film technology which in the past has been
widev employed for acoustic surface wave devices.

PISTON TRANSDLCERS TRANSDUCER

We have recently published a paper on the des-
ign if piston Lransducers for use in medical and
NPL i pl ications,1 so we will not describe these
transducers in much detail. The basic philosophy of
des iql of our low frequency transducers intended for
exiitation of waves in water has been to improve the
efficlen(v of excitation of waves from the high SAPPHIRE
impedance piezoelectric transducer material to the BUFFER ROD
low impodante water medium 'y using one or more
quarter wavelength matching layers. This provides
a broadband match with two way conversion efficien-
_ies as low as 3.5 dB. This measurement was carried F R
out usinq an electrical input, reflectino the emitted I
w,,ve from a perfect reflector back to the trans- 2 a
Luver, then determining the electrical output into a MATERIAL
50 ohm load. At the same time, the transducers gave UNDER TEST
an excellent and compact impulse response. This
basic philosophy has also been used in our trans-
ducer array designs.

When one is interested in transduction directly Rc 20cm

into solid materials which ha., inimpedance close to 2a]a .1 cm
that of the transduier material, quarter wavelength F 172 N 39 LbS.
matching layers are riot required. So at low fre-
quencies, we have made transducers which are bonded
to an aluminum buffer rod and demonstrated good
broadband response and efficiency. We have carried
this philosophy into the desiq of transducers oper- Fig. 1. Illustration of a ZnO transducer on a

ating in the 50 to ')00 MHz frequency range, which is buffer rod.

intended for examining ceramics,. For very high
frequencies, we emp' y a thin film technology, illus-
trated in Fig. I. A qold fIm is laid down on a
sapphire buffer rod on which a n( layer one quarter
to one half wavelength thi(k is laid down by rf
si. ttering, the InO layer, in turn, has, a small elec-
trode. iL hdefines the il, ivmtPr of the bea,,,
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substrate of interest are relatively low.
AA

ZnO TRANSDUCER A

/ 1- 200 nsec

-W-- p I p - 20
100 200 500 400 500 600 700

f MHz

Experimental 1

Fig. 2. The pulse and frequency response of a ZnO I ,
film transducer. /

The ZnO technology is at its best for use with
frequencies higher than 200 MHz. Otherwise because Theoretical
the thickness of the film must be chosen for either
a quarter or half wave resonance, the films are
required to be too thick (, 8 pm) to be convenient- f 50W

ly deposited. So it is then necessary to use a
different type of technology in which a layer of 0 1 __ _o

single crystal lithium niobate (LiNb03 ) or a piezo- o
electric ceramic is lapped down to the requisite B

thickness. We have made transducers of this kind
for use in the frequency range from 10 to 300 MHz,
but the technology is most convenient for 50 or 100
MHz transducers. One problem with this technology
is that the bonding layer between the piezoelectric
material and the buffer rod should be very thin,
preferably having an acoustic impedance comparable
to the materials to be bonded. We have employed an
indium bondinq tecnnique for this purpose. This
involves depositing gold layers approximately 1000
A thick on the two surfaces to be joined. Then the
two mating pieces ar, placed in a vacuum system,
and indium layers of the order of 1000 A are depos-
ited on top of the gold layers. The two mating
pieces are then pressed together, while still in the
vacuum, and form a diffusion bond at room tempera-
ture. This diffusion bond has excellent impedance
matchinq properties; in fact, the technique has been
used up to 10 GHz by groups in several laboratories.

An illustration of the response of a 50 MHz
transducer made this way is shown in Fig. 3. Typi-
cal losses of 50 MHz transducers and 200 MHz trans-
ducers are less than 10 dB from input to output with
a perfect reflection from the end of the buffer rod.
We have used buffer rods of sapphire and of silicon
nitride ceramic. We employ LiNbO for the higher
frequency transducers because it is the ideal mater-
ial for the purpose. But its dielectric constant is
not large enough for a low enough impedance trans-
ducer at 50 MHz. In this case, the best material is
potassium sodium niobate (PSN) ceramic which has a
dielectric constant of 300 to 400, as compared to
LiNbO3 which has a dielectric constant of 39. We
have made both shear wave and longitudinal wave Horizontal Scale:
transducers with these materials; we have also been
able to make good longitudinal and shear wave con- 20 nS/div
tact through Hertzian contacts on the end of the
buffer. This has been very convenient, because for Fig. 3. (A) Insertion loss versus normalized fre-
NOE of ceramics up to 300 MHz, shear wave transducers quency plot of a typical PSN/fused SiO 2 transducer
cannot be made with a thin film technolony. It has (50 MHz center frequency); impulse response of a
also been extre,9ely convenient for lot, freouency typical PSN/fused SiO 2 transducer (50 MHz center
exneriments where we wish to make a transducer that transducer (B) experimental impulse response, and
can be moved from point to point easily under com- (C) theoretical impulse re:,ponse.
outer control. No grease is needed At the contact.
and the for( s rpqi ired between the translucr and the
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TRANSDUCER ARRAYS

The design of transducer arrays for acoustic .- .

imaging systems is a more severe problem. The
requirements are for broadband efficient operation,
each element being able to excite a beam with an
angle of acceptance which is possibly as large as *

+ 500; furthermore, all the array elements must be 9 P[ 'MENT-

Tdentical in their frequency and amplitude response. 0.4

Two types of arrays are required: one which can
excite a wave in water, and the other which can " 0.z

excite either longitudinal, shear, Lamb, or Ray-
leigh waves directly on metal or ceramic substrates. GO--L __,0 i-- - . -- so

So far, we have mainly concentrated on transducers NGLE OF ACCPANCE id,91

which can excite waves in water and then used mode
conversion for excitation of various types of waves
in metals. More recently, we have constructed a s

different type of array, the edge-bonded transducer

array, which is far easier to make than the first
alternative, provides better efficiency, and, we
believe, is the fore-runner of a large class of a
range of new types of transducers. E ,1.0.,

An illustration of the basic form of the arrays
used for exciting waves in water is shown in Fig. 4. IO -- ,.o,
The individual PZT ceramic elements operate at a 1

cnter frequency of the order of 3 
MHz with an

octave bandwidth and are approximately .3 mm wide x
.5 mm high. In addition, they have one or two quar-
ter wavelength matching layers, typically glass and
epoxy, of the same width laid down upon them. The 0 03 -0

arrays are made by epoxy bonding the three layers 1OMIzLo,toU kC,

together. The PZT ceramic element is bonded to a
backing of tungsten epoxy or other filled epoxy.
Individual elements are constructed by diamond saw-
ing slots into the medium down to the backing. A
thin layer of plastic such as mylar is bonded to the
front surface to protect the elements from water.
The array elements must be thin in order to give a
large angle of acceptance and to avoid transverse
resonances which can interfer with the broadbend
operation and reduce the efficiency. THEORETICAI

12/tm MYLAR
SHEET EPOXY

Fig. 5. (A) Comparison of theoretihal an, i-;. ,

mental angular acceptance of one element
of test array. Element dimensions are

t,/ 0J 0.476 mm , 0.18 mm - 1.27 cm. Glass thiek-
ness is 0.305 mm. Epoxy thickness i,,
0.109 nmm. Mylar face plate is t1.012, ' o
thick; (B) Comparison of theoretical and

BACKING experimental insertion loss of one eiLml'ent
of the same test array as in (A); (C) (or-
parison of theoretical and experimental
impulse response of element of the same

(SECTION VIEW ENLARGED test array as in (A).

TO SHOW DETAIL) Arrays of this type have proved to be extremely

difficult to make reliably, basically because of the

DRAWING NOT TO SCALE f,'a;w lityof the elements and the many step% involved
in their manufacture. Response characteristics of
some of our better performing array elements of a

Fig. 4. Assembly orawinq of lonqitudinal wave double quarter wavelength matched system are shown
transducer array.

-- " I . . . . ... • .. . .. . ... ill .. . . . . .. . . . II I I[ II ll l I -- I . .. . ... . i~
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in Fig. 5. Systems of this type have bee,, employed manufacturinq process of this array is very simple;
in our acoustic imaqing device and are the ones furthermore, by backing it with epoxy, one can damp
used for demonstrating most of our imaging in water, out most of the unwanted resonances fairly easily.
we employ these kinds of arrays to excite waves in and the array response appears to be of good quality.
metals by exciting the waves at an angle to the
metal surface as shown for Rayleigh waves in Fig. 6.
This has enabled uS to ,1r,'y out imaging using A) SAMPLE
Rayleigh waves and using shear waves in metals.

I - INPUT ANGLE SURFACE Al SUBSTRATE

ARRAY - WAVE

TARGET PLATE ", 0.3m m, LOU

L.Ornrn [.'L-*F S..'., 1 / UBSTRATfE ON
Fig. 6. A schematic of the setup used to excite 4.3 cm---T Z SHEAR WAVE IS

Rayleigh waves in target plates from an I EEME TO-BE EXCITED
array in water. For Rayleigh waves in
aluminum, the angle i ;t 280.

The problems of mode conversion have become cr-Au

more severe as we nave improved our imaging systems.The difficulty is that the mode conversion process Fig. 7. The edge-bonded 32-element surface acoustic

introduces aberrations into the image because of wave transducer array.

the differences in velocity between the waves in
water and the waves in the metal so that as the
angle of attach of the array entering the metal is A
changed. the time and phase delays of the arrays
change slightly. This makes the problem of the
design of the imagiinq system very difficult. It was
not a problem in our earlier systems; it has only .0
become a problen now that the imaging systems have LJ
definitions of the order of .5 inn. Accordingly, we 57 0.8
have designed a new type of imaging array, the edge-
bonded array illustrated in Fig. 7. which we believe o.e
shows great promise. This array is used to excite
surface waves on a metal substrate. A ceramic & J 04
transducer is epoxy-bonded to an aluminum substrate I
as shown in Fig. 8. Thin film electrodes are dep- O_ 02
posited on the back of the ceramic, which is itself
approximately a half Rayleigh wavelength thick. The 2 3 ,o 1 2 3 4
electrodes are themselves approximately one wave- FREQUENCY (MHZ)
length long in the direction perpendicular to the
top surface of the metal and ceramic. These elec-
trodes, therefore, efficiently excite a Rayleigh !NCk,4LJZED
wave whose penetration depth is of the order of one
wavelength. The individual electrodes themselves
are approximately one wavelength wide and are sep- *

arated from each other by a gap of the order of a 108

wavelength in which a grounding strip is deposited,
to shield the individual array elements, one from 170 .6
the other. Because the impedance match between the
ceramic and the metal is fairly close, a wave exci- 0.4

ted by a sinale electrode, which forms the array
element, does not reflect back and forth in the 02
ceramic, thus avoiding coupling the elements togeth-
er. So the elements do not need to be slotted. 5 40 30 20 10 ' 0o 20 30 40 b3

ANGLE (degrees)
The response characterisitic of this array is

shown in Fig. 8 where it will be seen that the angle
of acceptance is + 35', and the bandwidth of the Fiq. S. (A) The impulse response and its Fourier

arriy is of the order of an octave; the return echo transform of 22 elements of the array,

efficiency is of the order of 10 dB. By using the excited in parallel, 0.5 ;sec/Div for the

array in the coupling configuration shown in Fig. 8 response; (B) the angular response of a

it is possible to transfer energy from the substrate single transducer element.

in which the wave is excited to a neighboring iden- WEDGE TRANSDUCERS
tical substrate material. Two substrates are
placed parallel to each other, with a thin layer of
plastic between them, the layer of plastic being qf The edge-bonded transducer is one example of
the order of 5 mm to I cm long. Transfer efficiency the type of transducer that can be used for exciting

from one substrate to the other has been measured surface waves. More generally, the classical tech-

to be approximately 2 dB. As will be seen. the



nique is to use a wedge-type of transducer in which r-quired is a receiving transducer of the same type
a bulk wave in a medium (the wedge) in which the connected to a very high impedance load of much
wave velocity is less than that of the surface wave higher electrical impedance than the transducer in
on the substrate of interest vR is employed to the frequency range of interest. Two pictures of
excite a surface wave, as shown in Fig. 6. If the unipolar pulses obtained by this technique using
angle of incidence 6 is chosen so that identical transmitting and receiving transducers
vw = vR sin e , good coupling to the surface wave placed against each other are shown in Fig. 9. In
can be obtained. We have carried out a detailed Fig. 9a, the input pulse has a rise time comparable
design of such a wedge transducer, for a solid to the transit time of an acoustic wave through the
wedge rather than water, and optimized the choice transducer. In Fig. 9b the rise time is much longer
of the wedge material for particular substrates. than the transit time T . In this latter case,
We have been employing such transducers normally essentially a step function of stress is generated,
for examining cracks in metals, ceramics, and glass which can be used directly for impedance measure-
and have been able to calibrate them accurately. ments.
These transducers typically exhibit a one-way
efficiency of the order of 7 to 10 dB. There is
some problem still with unwanted spurious responses -NP .-

in the wedge beyond the transmit main pulse. Typi- PULSE

cally this can be avoided by using two transducers,
one a transmitter and one a receiver, placed at a -Q I Pu
slight angle to each other. tNIPOLAR

PU SE

A technique has also been employed for exciting (b)
a surface wave one one substrate and transferring
the wave over to a neighboring substrate. This i Fig. 9. The unipolar pulse generated by a commer-
particularly convenient for high frequency work cial Panametrics 5 MHz trnsducer and
because it is then possible to design various types received on an identical ransducer with
of surface wave transducers which are easy to con- a high impedance electrical load.
struct at high frequencies. We have done this by (A) Rise time of input pulse 100 nS
making interdigital transducers on LiNbO 3 and plac- (transit time in transducer); (B) Rise
ing the substrate at the correct angle to the sub- time of input pulse >> 100 nS.
strate on which the wave is to be excited, using
water as the transfer medium. This type of trans- The configuration of using the two transducers
ducer has been used for examinina ceramics with is not necessarily the most convenient one because
surface waves at frequencies of 64 MHz and 100 MHz. of the difficulty looking at reflected echoes this

THE UNIPOLAR TRANSDUCER way. We have constructed a two layer transducer,
one element being the receiver, one the transmitter.

Finally, we have been developing unipolar We had originally attempted to use a single trans-

transducers to excite a pulse which is basically of ducer with appropriate electronics in which the

one sign. The reason for our interest in this type receiver was of high impedance, but the transmitter

of transducer is because we wish to measure slight rid of the transmitter pulse at the time the
tapers of acoustic impedance of the material. It
can be shown that if one excites a transducer with receiver was turned on. This proved to be too dif-

a pulse of the form F(t) , the return echo from a ficult, so it was better to make a two layer trans-
medium whose impedance varies with distance Z(x) ducer. Initial results with a two layer transducer
will be of the form are encouraging, but further development is requir-

ed. We will be using the irdium bonding technique

for this purpose which itself solves most -f Lhe

Nt) 4 7fdZ F(t - 2x/v)dx problems of careful impedance matchino required for

Z' A v these transducers.

CONCLUSION: ZaFt- 2x/vl/ xldx(1
-Vf -(We have described here a wide range of trans-

Our aim is to measure stress, which affects the ducer designs required for nondestructive testing.

acoustic impedance of the wave, by this technique. Much remains to be done to limit spurious responses

It is apparent from the form of the integrals that if and to improve the ease of manufacture and design
the stress varied linearly through a material, as in of transducer arrays.

a samole that was under bending stress, there would ACKNOWLEDGMENTS
be no contribution from a bipolar pulse, but a uni-
polar pulse would give a good contribution to the This work was supported by the Center for
return echo which would give a direct measure of the Thi ora ted by the centernfo
impedance gradient. Alternatively, a step function Advanced NDE operated by the Rockwell Internationalof applied stress transmitted from the transducer Science Center for the Advanced Research Projects
would measure the impedance directly. Agency and the Air Force Materials Laboratory under

Contract RI 74-20773, EPRI Contract RP 609-1, the
We have been able to employ simple conmercial National Science Foundation under Grant ENG 77-

transducers to produce unipolar pulses. The basic 28528, and by the Office of Naval Research Contract
requirement is to have a well-matched backing and N00014-78-C-0?83.
excite the transducer with a step function of vol-
tage with a leading edge which need not rise extreme-
ly fast. To detect the unipolar pulse without dif-
ferentiating it, we have shown that all that is
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SUMMARY DISCUSSION
(Gordon Kino)

Harold Berger (Session Chaiman--Nat. Bureau of Standards): Questions?

Wolfgang Sachse (Cornell University): Aren't the ideas of impedance-matching and band-
widths using quarter-wave layers inconsistent because the quarter-wave layer is
going to be operative only at certain frequencies?

Gordon Kinot You could have several layers.

Wolfgang Sachse: Are these layers in series-

Gordon Kinoi In series. With two layers from ceramics to water we have 34 to 8
to 3 to 1.5.

Wolfgang Sachse: So, it's analogous to an acoustic horn, in other words?

Gordon Kino Yes. Or to a microwave transmission line. There are lots of examples
in the literature. It's like a tapered transmission line with a few steps, and
you can design it to be maximumally flat and so on.

Harold Berger: Thank you.

Chris Fortunko (Science Center-ADL): Why do you need to have the receiving transducer
to detect the unipolar pulse? I can see why you need the transmitting transducer.

Gordon Kinot Well, we are not going to measure a stress gradient. We will actually
measure the differential of the stress gradient. In a uniform stress gradient,
we will get an output which is virtually constant, say. If 1 differentiate that
constant, which I will do if I use a low-impedance load which differentiates the
output, I will get nothing. I may be able to integrate up again electrically,
but noise-wise I think that's a bad way to go.

Chris Fortunko: To integrate is normally a fairly harmless procedure.

Gordon Kino: Granted. We may be using a sledge hammer to crack a nut maybe. You
may be right. I was scared that eventually I would be losing my signal.

Harold Berger, Thank you again, Gordon.
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NDE APPLICATIONS OF THIN FILM ULTRASONIC TRANSDUCER ARRAYS:
PROGRAMMABLE FILTER, SCANNED RECEIVER, AND POWER TRANSDUCER

K. Chuang, A. Lee, and R.M. White

Department of Electrical Engineering and Computer Sciences
University of California

Berkeley, California 94720

ABSTRACT

Piezoelectric zinc oxide films typically ten microns thick have been deposited in a planar magnetron
rf sputtering system pn a variety of substrates, including silicon and thin stainless steel, to make
ultrasonic transducers for acoustic emission and NDE applications. Waveforms from a 10 MHz conmercial

NDE transducer and a transducer employing the zinc oxide on stainless steel sheet are shown for compar-
ison. Designs for a coherent programmable receiving array and a transducer array responding to incident

ultrasonic power are discussed.

INTRODUCTION SUBSTRATE

The ability to deposit thin films of piezo-

electric insulators such as zinc oxide makes
possible ultrasonic transducers having configura- DIFFUSION

tions which one cannot readily fabricate from PUMP ,jSHUTTER
bulk piezoelectric crystals. Examples have been
given in previous reports on this project Ill ZnO
where thin films of zinc oxide have been deposited SOURCE MAGNET

by rf sputtering either in the gate region of a LI
field-effect transistor (the PI-FET structure, as
introduced by Muller and co-workers 121) or adja-
cent to an FET to whose gate an electrode on the
piezoelectric is connected. In both structures,
the transistor provides electrical impedance
transformation and possible amplification of the
voltage from the piezoelectric. In addition,

be performed with the transistor, 
as reported 

/

earlier I11. Further, if the zinc oxide is well
isolated with thin silicon dioxide, one may S

observe reponse to static strain: in one test of
17.8 hours duration, no decay was observed in the /N /
decrease of source-drain current caused by the /
static flexure of a PI-FET in which the zinc oxide . _

was so protected. The very high effective gauge
factor observed in this test was about 6000

volts/unit strain.

In this paper we discuss two new developments ZnO E
in connection with transducers based on thin SOURCE I I i I
sputtered piezoelectric films of zinc uxide, and
then consider the practical device consequences of
these developments.

N MAGNET N
PLANAR MAGNETRON SPUTTERING S I

Recently we have modified our rf zinc oxide
sputtering system by replacing the convention
target (source) assembly with a planar magnetron Fig. I. Planar magnetron sputtering system shown

assembly, as sketched in Fig. 1. In the modified schematically. Top sketch shows cross-section

sputtering system, because of the crossed electric through vacuum chamber and target (source of zinc

and magnetic fields, there is reduced bombardment oxide) under which permanent magnets are located,

of the substrate on which the zinc oxide is depo- and substrate holder (where one places material

siting, and so there are consequently less heating onto which sputtering occurs). Crossed electric
of the substrate and lower interfacial stresses and magnetic fields, indicated by dashed and

resulting from temperature excursions of the sub- solid lines respectively in middle and bottom

strate and film which usually have different sketches, cause electrons to bombard source and
thermal expansion coefficients. Even more signi- so increase rate of sputtering over values achieved

ficant is the larger growth rate of the films with non-magnetron RF sputtering system.

which permits significant film thicknesses to be
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achieved in shorter times than were previously transducer package, or using packaged semiconductor
possible; and, because of the more rapid deposi- devices outside the transducer. These transducers
tion, the films suffer less contamination. Figure should be relatively inexpensive to make and they
2 shows a 10 pm thick film grown with this system should be quite reprodicible.
at a rate of about 2 pm per hour; rates to 4 or
5 plm per hour are possible and are compatible with An analysis of the transducer response has
good growth and strong piezoelectricity as exhib- been made and calibration tests for comparison
ited by the film of Fig. 2. with this predicted response are in progress.

'iii, ili , Hit III ititill III liiill

Fig. 3. Top view of stainless steel shim stock,
0.002 inches thick, onto which piezoelectric zinc

Fig. 2. Cross-section of zinc oxide film pro- oxide has been sputtered. The bright circles are

duced in planar magnetron sputtering system evaporated aluminum top electrodes. Scale is in

sketched in Fig. 1. In this scanning-electron centimeters.
microscope picture, the columnar structure of the
ten-micron thick zinc oxide on a silicon sub-
strate (dark region at bottom of photo) is indi-
cative of highly-oriented piezoelectric zinc oxide
growth. (Photo courtesy of Shu-Sheng Shiang,
Materials Science and Engineering Department, U.C.
Berkeley.)

PIEZOELECTRIC FILMS ON THIN METAL SHEETS

The second development is the ability to
deposit piezoelectric zinc oxide films on thin
metallic substrates to form transducers or arrays - :

which are mechanically strong while being acous-
tically "thin". We have obtained 10 um thick zinc -.

oxide films exhibiting strong piezoelectric 4ofl5.'
coupling by sputtering directly onto thin stain-
less steel stock only 0.002 inches thick. Because
the supporting sheet is so thin, the resonances
associated with the transducer substrates are
pushed to frequencies much higher than those used Fig. 4. Top view of a bulk wave transducer made
in conventional NDE, and so the transducers should
have smooth frequency responses. A transducer for using a portion of the zinc-oxide-coated stainless
bulk waves is shown in top view in Fig. 4. Figure steel shim stock shown in Fig. 3. Coaxial cable
5 compares the output of a conventional NDT trans- lead has been connected to circular aluminumducer (Fig. 5a) with the output from the trans- electrode by conventional thermocompression

ducer of Fig. 5 (in Fig. 5b) when tested in a bonding. Scale is in centimeters.
water bath. Note the shorter duration of the
response from the ZnO transducer suggesting less
ringing.

With this technique it appears possible to
make individual transducers in a wide variety of
shapes and sizes, so as to fit well mechanically
with the structures in which they are to be used.
It is possible to include an electrically active
element immediately adjacent to these transducing
films, using either a hybrid approach and including
the active semiconductor device within the
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Fig. 6. Schematic diagram showing how an
electronically progranmable coherent ultrasonic
scanning array could be constructed for use in
a water bath or in contact with a solid.

Power Transducer - In applications where one
wishes to have a large-area receiving transducer

Fig. 5. Output of two ultrasonic transducers so as to achieve a large sensitivity, one may sum

to signal produced in a water bath by a pulsed coherently the electrical outputs from all the

commercial NDT 10 MHz transducer. (a) Response array elements, but the transducer- will then have

of a commercial NDT transducer. (b) Response of a directivity pattern with an undesirably large

zinc oxide transducer shown in Fig. 4. Horizontal number of extrema. If instead, the uutputs of

scale: 0.2 Ps/division. Vertical scales are array elements are envelope detected and then

arbitrary owing to different electrical loading added, the de-sired summation of output occurs

conditions in (a) and (b). without the highly complex directivity pattern
being formed. If a nonlinear element is used
at the output of each array element before the

ARRAY APPLICATIONS OF THE TRANSDUCERS envelope detection and summation, an output pro-
portional to total incident ultrasonic power can

Three different applications of arrays of be obtained. We refer here to such a transducing

the thin-film transducers have been considered: array as a "power transducer".

programmable filters, scanned coherent ultrasonic
receiving arrays, and an incoherent array which The nonlinear properties of dual-gate FETs can

responds to total incident ultrasonic power in- be used in one realization of a power transducer.

dependent of the phases of the excitations of indi- The nonlinearity to be employed appears in the

vidual array elements. The first of these has been input-output characteristics plotted in Fig. 7.

discussed previously Ill and is now being fabri- Note that for this depletion-mode dual-gate FET,
cated; it will not be considered further here. The the drain current (output) is a strongly non-

latter two applications are described below, linear function of the voltage on the first gate
(the gate to which the signal is applied) for

Coherent Scanned Receiving Array - Figure 6 shows values of that voltage near zero. The degree of

how a number of zinc oxide transducer stripes nonlinearity can be controlled over a fairly wide

could be connected with dual-gate FETs to make a range by adjustment of the bias on gate no. 2, as
programmable coherent scanned ultrasonic receiving Fig. 7 show. Thus, for a high degree of non-

array. Both the amplitude and sign of the contri- linearity with this FET, one might use 42.0 volt

bution of each element can be varied by application bias on gate no. 2.

of the proper voltages to the second gates of the The circuit utilizing these E[ls is shown in
FETs associated with each element. The directivity F
of such an array would be the product of the array Fig. 8. Analysis shows that with +2.0 volt gate

directivity factor with the directivity factor for no. 2 bias, the output from each FIT consists

each element of the array. If the elements have primarily of an amplified voltage at the fundamen-

widths which are small compared with the ultrasonic tal frequency (the frequency of the incoming

wavelength. then this latter directivity factor ultrasonic wave), and two terms connected with the

will approach a cosine function of the angle of second-order nonlinearity: one term is at twice

incidence of the incoming waves. An initial the fundamental frequency and the other is a quasi-

measurement of the directivity of a single zinc dc term which has frequency components associated

oxide elementary transducer on thin metal showed with the envelope of the incident ultrasonic

qualitatively the expected variation with angle of signal. (For example, if the incoming ultrasonic

incidence. An entire array is now being fabricated signal were an 8 MHz carrier which was amplitude

for test. modulated by a rectangular pulse of I Ws duration,
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the quasi-dc term would have components around I An array to be used either in a water bath or
MHz, while the fundamental and second-harmonic on the surface of a solid is being built for
terms would be at 8 MHz and 16 MHz respectively.) evaluation. Meanwhile simulations of the summing
The amplitudes of both the double-frequency and and related calculations have been carried out.
the quasi-dc term are approximately proportional to Figure 9 shows the square-root of the quasi-dc
the square of the amplitude of the incident wave term plotted versus the amplitude of the electrical
and hence to incident ultrasonic power. If the signal input to gate no. 1 of a dual-gate FET.
quasi-dc voltages are summed, the result is approx- This plot shows that, at low input signal levels,
imately proportional to total power incident, and the amplitude of the quasi-dc output is indeed
the relative phasings of the waves at each trans- proportional to the square of the input, as
ducing element do not affect the sum. expected. Finally, Fig. 10 shows test results for

a simulation of two elements of such a power trans-
ducer array. The signal which occurs at the same
time in each of the four waveforms was the source-

AIN OAft GATE R. 1BI&A drain current of a dual-gate FET responding to
1 IVT2T- "1V1 V2 - 2 the output of an NDE transducer driven by a 10 MHz
V.vV2' acoustical input wave train in a water bath. The

V'0 other signal in each case is obtained by applying19 VW UDVl 'G2"- 0.5V an electrical 10 MHz signal to the first gate
I-I ,L" .1 of a dual-gate FET connected as indicated in

ScW, s I//Fig. 8. Lowpass RC filters were used at the out-
c s + - puts of the two FETs, and the filtered outputs

were summed. One notes, as expected, that where
V V-G.mV the two pulses are coincident in time, they simply

6 .add without showing the sharp changes of level one
would find if coherent waveforms at the fundamental

* . .frequency were summed." VG2 -0-O.V

-1 -2 -1 1 2 20
-2 WE MD. I BIAS (W]eJS) 2TsI-VTS

- -I. V

18 VlIU VIV -3.0V .

VW 1v

Fig. 7. Dependence of drain current on gate no. 1 1

bias for dual-gate FET. Bias of second FET gate 2.
is parameter. - a2

x

-- - -V- OUTPUT _0.

vOD R C R C R C

"'"-- -- A' '

IWPRI YG Al (ATT . I (1ILII.TS)
ZnOl 2lI Stainless Steel

Fig. 8. Schematic diagram of an ultrasonic Fig. 9. Square root of shift in drain current
receiver array whose output ac voltage would be versus amplitude of input signal at gate no. 1
proportional to total acoustic power incident on of dual-gate FET for two different gate no. 2
the array elements of the array. Note lowpass RC biases. Note the linear dependences for small

filters at the outputs of the FETs. input amplitudes.
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Fig. 10. Test results for simulation of power
transducer array. Output of circuit simulating
two elements of the array of Fig. 9 are shown,
plotted versus time (20 lis/division). See text
for details.

SUMMARY AND CONCLUSIONS

Transducers composed of thin piezoelectric
zinc oxide films with associated transistors
can be used as individual bulk-wave transducers
or in arrays for acoustic emission and NDE
applications. With the planar magnetron rf
sputtering apparatus, films of zinc oxide tens of
microns thick can be deposited. The deposition
on thin sheets of stainless steel and the use of
that structure as a bulk-wave transducer have
been demonstrated.
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SUMMARY DISCUSSION
(Dick White)

Don Eitzen (Session Chairman): I think we have time for a couple questions. Please
remember to identify yourself and your organization.

Wolfgang Sachse (Cornell University): The one picture that you showed with the ten
megahertz excitation, comparing it to a piezoelectric transducer, is that typical
of the bandwidth this thing is capable of, or what in fact governs the bandwidth
of the response?

Dick Whites I think it should be a very broad-band transducer because it's quite thin
compared to the wavelength. We have used the thin film 167 at kilohertz and also
at ten megohertz. We very much need to get a good calibration.

Gordon Kino (Stanford University): I have a couple of questions. First, how do you
think this compares with PVF2, and second, if you are going to put zinc oxide
down and connect it to FET's, why don't you use zinc oxide or silicon and be
finished with it?

Dick White, When we put the zinc oxide on a reasonably thick substrate, such as a

standard silicon wafer, we see a lot of ringing.

Gordon Kino: But you could thin the silicon down.

Dick Whites We could do that, but I suspect the metal may have some practical advan-
tages in terms of ruggedness and so forth. For example, I have worked, in fact,
two millimeter thick silicon. You can bend it around at a 45-degree angle. But
it also breaks. In terms of the PVT 2 , I think that one nice feature of the zinc
oxide is that you deposit directly on a substrate. There is no problem of bonding.
I'm not sure whether there is a tonding problem. Also, the zinc oxide can work
over a much wider temperature range. I know that zinc oxide on one low-thermal
expansion alloy has worked from minus 20 C to plus 80 C. I'm not sure what the
limits are.

Tom Derkacs (TRW): You can deposit this in a shape other than a flat plane?

Dick Whites The question is whether we could deposit it on other than a flat plane.

Tom Derkacs, A small band.

Dick Whites I believe this could be done. You would have to put a shutter in the
sputtering system, but certainly one can do that.

Don Eitzen, Thank you again, Dick.
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ABSOLUTE ULTRASONIC MEASUREMENTS WITH PIEZOELECTRIC TRANSDUCERS

Wolfqanq Sachse
Department of Theoretical and Applied Mechanics

Cornell University, Ithaca, New York - 14853

ABSTRACT

The absolute calibration of a piezoelectric transducer refers to the determination of the relation-
ship between the electrical and acoustical quantities for a transducer coupled to a solid. It is shown
how a well-characterized ultrasonic system, consisting of source, structure and receiver can be used to
make such measurements for transducers operating as sources or receivers. Results are given, showinq the
effects of couplinq between transducer and solid and the electrical characteristics of the associated
source and receiver electronics.

This poster paper describes the principles and procedures for makinq absolute ultrasonic measurements
with a piezoelectric transducer coupled to a solid. Publication of these results will be in the 1979
VZtrasonivs Symposiwn Procpedings [1].

As described in a recent review article [2], the complete characterization of an ultrasonic trans-
ducer acting as source or receiver entails two parts. One part deals with the tranduction process in
which the relationship between electrical and mechanical quantities is established. The second deals
with the characterization of the radiation field of the transducer. This paper concerns itself with
measurements which characterize the transduction process of a piezoelectric transducer coupled to a solid.

INTRODUCTION

As elaborated in the review article by Sachse V.1 B [ tv

and Hsu [2], several assumptions need to be made in J-'

order to permit a ready characterization of the
transduction process. As shown in Fiqure 1, a trans-
ducer operating as a source may involve processes \(t) F F(xt) F(yt)m V(t)
which are not well understood or difficult to des- L .t)-yu(!(t) V (y,0- (t)
cribe precisely. The excitation voltaqe and cur- &.M yo
rent imposed on a transducer result in a complica- SIMPLIFYING ASSUMPTIONS

ted distribution of time-dependent surface trac-
tions and displacements (or velocities) each with I Mode uncouping

longitudinal and shear components, acting over the V(U Ft)

transducer area on the specimen. Only when one k(t) .t) iy.t) M(t)
makes the simplifying assumptions of mode uncou- 2 Field variabendependency (localized or uniorm fild)
pling, field variable independency and linear system Fo v)E)
response does one find a simple matrix relationship t (t)v(t)
between the electrical excitation parameters and U 4ct)()
the resulting mechanical excitation. Then, when 3 Linear system response
restricted to a fixed specimen and electronics can (.A 8)F(

a relationship between electrical excitation and .=(c (,(MJ o)U T ( )
produced mechanical force be written in terms of
a linear transfer function equation in either the 4 Fz d cou.eng de.se ad ewctrons
time- or frequency-domains, F. TV v.rF

F0(t) = To(t) * V0(t) (la) Fioure 1 - Simplifyinq assumptions of the

transduction process. (from Ref. 2)
or

F o() T (W) V (W) (lb) ties across the transducer is established.

Recent experiments in which the deterministic
With similar assumptions, an analogous description aspects of acoustic emission have been studied have
is obtained for a transducer operating as a receiv- utilized a well-characterized ultrasonic system in
er, which the characteristics of the source, structure

and receiver can be independently measured or deter-
V(t) = T(t) * U(t) (2a) mined [3-5]. Here, the signals emitted by a known

source (either electrical or mechanical) are propa-
or qated in a structure for which the impulse response

is known. The signals are detected with a sensor
V(w) = T(w) U(w) (2b) whose transduction characteristics are also known.

Such a system is over-determined, and thus it allows
The above equations show that once the transfer substitution of an unknown source or receiving
function of a transducer is determined, the rela- transducer into the system and, provided that the
tionship between electrical and acoustical quanti-
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system is linear, the time- or frequency-character- EPICENTER PLATE/STEP LOADINC THEO/EXPMNT
istics of the transducer can be ascertained by lin- i.,

ear signal deconvolution procedures. Computed-

METHOD

An ultrasonic system in which the various com- Observed

ponents comprising it are isolated is shown schema-
tically in block form in Figure 2. When the a

S (t) R(t)
0Vot 0 t t ~ ) Tt V(t)

V(t) = (V(t) * T(t))* G(t)) * T(t) ""8.9u.0 TIME EUSEC)

So(t)
Figure 3 - Epicentral displacement: step

Figure 2 - A linear ultrasonic system. unloadino. Computed, observed.

excitation voltage V (t), is applied to the trans- 
1 

. V(t) (4)
ducer whose transfer unction is T (t) the excita- So(t) [G(t)

-

tion force, So(t), is produced in the specimen..
To illustrate such a determination, ultrasonic siq-

Fo- cases in which the assumptions of mode un- nals were produced by a broadband longitudinal wave
coupling and field variable independency are valid, transducer which was shock excited with various
the impulse response of the structure G(t), which electrical pulses produced by a pulser for which the
depends on the type of source and receiving trans- output impedance could be adjusted between 5 and
ducer, can readily be computed for any arbitrary 250 Q. The excitation voltage oulses ranqed from
locations of the transducers. The signal, R(t), -225 Volts/50 nsec to -325 Volts/10O nsec. The
at any point is converted to a voltage, V(t), by detected displacement signals were deconvolved
the receiving transducer whose transfer function is according to Eq. (4) and the excitation f3rces,
T(t). Thus, for a linear, ultrasonic system, the S,(t) determined. The results are shcwn below in
received signal can be written as a convolution of Fig. 4.
the characteristics of each of the elements com- 7RANSOUCER-PROOUCED FORCE FUNCTIONS

prising the system, that is,

V(t) = V0 (t) * T0 (t) * G(t) * T(t) (3) 225S,0 ....

Depending on the calibration to be done, the source -

used in the measurement may either be electrical
(i.e. V (t)) or mechanical (i.e. So(t)) with the L ""6
latter geing used in place of the electrically pro- -
duced excitation: Vo(t) * To(t). In either case,
a fast risetime excitation pulse works best. The
propagating medium used, is a structure for which
the theoretical impulse response is known. In t
present experiments, a thick flat plate is used for
which the impulse response has been computed by TIME (usECc
Pao, et al. [6]. An electrostatic, capacitive
transducer or a special piezoelectric transducer Fioure 4 - Transducer-qenerated forces in a

was used as a displacement sensor having transfer specimen of glass. Variable excitation voltage,

characteristics T(t) = A 6(t) for some time damping.

interval. To investigate the influence of transducer

Shown in Figure 3 is a comparison between the coupling on the qenerated ultrasonic excitation

computed vertical displacements and the measured pulse, various couplants were used to attach a

voltage of such a transducer when the excitation broadband lonqituninal wave transducer to a glass

was a vertical step unloading directly under the plate. The couplants investioated were liqht-weiqht

receiver on the opposite side of the plate (i.e. machine oil, water, DOW 276-V9, and air. The time-

plate epicenter). The agreement indicates how characteristics of the generated excitation forces

accurately the modelled source structure and receiv- produced in the glass specimen were determined

er corresponds to the actual system. again according to Eq. (4). These are shown in
Fiqure 5(a). The force-time functions were trans-

MEASUREMENTS formed into the frequency domain to further investi-
gate the transmission characteristics of these cou-

Ultrasonic Force Function Determination - In order plants. As shown in Fig. 5(b), the frequency char-

to determine the temporal characteristics of the acteristics of the generated ultrasonic forces

force generated in a specimen by a source trans- appear to be quite similar for these couplant mater-

ducer, the signal V(t) detected by a receiving ials in this frequency range. These measurements

transducer is measured and the transducer-generated suggest the possibility fo, systematically investi-

force function is determined from gating the characteristics of various transducer
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Figure 6 - Transducer
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Figures 5(a) and 5(b) - Transducer Coupling Effect. 
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couplant materials.

Source Transducer Transfer Function - As indicated
previously, the transduction characteristics of a

transducer coupled to a particular specimen and ,
ultrasonic signal source can be specified in terms
of its transfer function, To(t). The transducer-
produced ultrasonic force is given by

S0 (t) = V0 (t) * T0 (t) (5)

This force function can also be determined by using ,.,
Eq. (4) to deconvolve the displacement signal detec- FPEOaNCT (MHZ)

ted at some point on the specimen. Thus, Eq. (4)
and (5) can be combined to allow determination of Figures 7(a) and 7(b) - Source Transducer

the source transducer's transfer function, To(t). Transfer function.

This gives predict the displacement signal with Eq. (1) corres-

T0(t) = [V0(t) * G(t)] I*, VWt (6) pondinq to other (arbitrary) excitation voltaqe
signals applied to the source transducer. Figures

In applying Eq. (6). the inverse of the excitation 8(a) and 8(b) show the comparison betwepn the pre-

voltage signal and the appropriate specimen impulse dicted and the measured voltage (displacement) sic-

response are convolved with the signal detected by nals when the excitation was a 50 nsec shock pulse

the receiving transducer which was again a displace- and a single cycle of a 2 MHz sine burst respective-

ment sensor. The device shown in Figure 6 incorpor- ly. As an alternate check, a comparison was made

ates the above ideas. It consists of a flat plate between the ultrasonic source function. So(t),

with a displacement sensor attached. It has been computed by the convolution equation of excitation

used in the transducer transfer function determina- voltage and source transducer transfer function

tion of several transducers. The transfer function (Eq. (5)) and the source function obtained by de-

determined for one broadband transducer is shown in convolution of the received displacement signals

Figure 7(a) and its correspondinq frequency charac- (Eq. (4)). Figures 9(a) and 9(b) show this compar-

teristics are in Figure 7(b). It is noted here ison for a sinqle-cycle and a four-cycle 2 MHz sine

that the vertical axes are in units of [Force/Volt]. burst excitation respectively.

To verify whether the transducer transfer Transducer Transfer Function - The deter-

function so obtained is correct, it was used to m n: transfer functiora receiving
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50 NSEC EXC/PZ-SOURCE MEAS/COMP SIGNALS 2 MHZ EXCITAI]ON BURSI (SINGLE CYCLE)
.,.I HS!

)e SO( t) from Je o-ovtlhon

of v(t)

5 to(1) hro convolution of
e (ta1ion 0O(1)

TIME (USEC) TIU LUSEC)

.02 : EX.C !T -si (4t I CtCLS )

I CYC-SZNE EXC/PZ-SOURCE MEAS/COP SIGNALS

c i 11 11. U iC

'IME (USEC)

Figures 9(a) and 8(b) - Measured and predicted Figures 9(a) and 9(b) - Comparison between the
siqnals detected from two excitation functions. transducer-aenerated force functions obtained

by deconvolution and convolution due to various
transducer can be obtained analoqously as above. voltage excitations.
However, since the temporal characteristics of a
particular source function may not be known This procedure resembles that done in the frequency
r:', two experiments can be performed using a domain which has recently been used to determine
fixed source and specimen. In the first experiment, the response of piezoelectric transducers to tran-
the signal, V (t), was detected at a particular sient surface waves [7,8]. The results of experi-
receiver location with a known displacement (or ments which illustrate the above are shown in Fin-
velocity) sensor. From this, the inverse function ures 10(a) - 10(c) which is taken from Ref. 4.
[S(t) * G(t)]

1-  
can be found. If the receiving Fiqure 10(a) is the measured epicentral displace-

transducer to be characterized is substituted in ment signal in an aluminum plate resultino from a
place of the displacement (velocity) sensor and the mechanical step unloading excitation. Figure 10(b)
experiment repeated, the signal V (t), is produced. is the sianal measured with a 6.35 mm diameter broad-
It follows then that the transfer iunction of the band transducer mounted in place of the displacement
receiving transducer is given by sensor. Fioure 10(c) is the result of the deconvo-

lution, obtained throuah Eq. (7). which is the trans-
T(t) A [VI(t) * 2 t) (7) fer function of the transducer operatino as a

10 (a) 0- Wc

0r- C-q
10220 30 40

'-S w 1040

0 24t sac)
t (gfsac)

Figures 1Oa) - 10(c) - Determination of a piezoelectric receiver's transfer function
(a) Epicenter displacement, step-unloadino source, (b) Piezoelectric transducer

siqnal, step-unloadinq source, c) Result of the deconvolution, T(t).



receiver. tionship between electrical and acoustical quanti-
ties of the transduction process,

As a check on the validity of the above pro-
cedure, another source was activated and the sig- ACKNOWLEDGMENTS
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Figures 11(a) and 11(b) - Piezoelectric trans-
ducer voltage signal measured by a displacement
sensor, and actual voltaae signal.
(b) Velocity signal measured by a piezoelectric

transducer and actual velocity signal.

impact served as simulated source on an aluminum
plate. Figure 11(a) shows the comparison between
the detected piezoelectric transducer sinnal and
the transfer function-converted displacement signal.
The comparison between the measured velocity signal
and the converted piezoelectric transducer signal
into a velocity signal is shown in Figure 11(b).

CONCLUSIONS

It has been shown how a well-characterized
ultrasonic system consisting of source, structure
and receiver can be used to determine the ultra-
sonic oulse produced by a piezoelectric transducer
operating under various excitation and coupling
conditions. Based on the assumptions that the
transduction characteristics of a transducer can be
expressed as a transfer function, it has been shown
how a well-characterized ultrasonic system can be
used to experimentally determine the transfer func-
tion of a piezoelectric transducer operating either
as source or receiver, thus establishing the rela-
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SUMMARY DISCUSSION
(Wolfgang Sachse)

Dick Elsley (Science Center): You had a comparison of the received time domain
signal with the computed +ime domain signal. How does that comparison look in
the frequency domain, and are the differences long-term smooth ones or short-
period ones?

Wolfgang Sachse, The comparison that we made was done in the time domain because there
are some problems in finding the frequency spectrum of our signals. You notice
that we were using displacement signals obtained by breaking a glass capillary on
the- surface of a specimen. The displacement found always increases in one direc-
tion. In order to take the signal into the frequency domain, we would have to
window the signal. Since the signal is increasing monotonically, it would r,,uire
a drastic truncation in the signal. It's conceivable we could take the signal,
differentiate it, and then Fourier transform it. We have done that, but I don't
think it's as sensitive as taking the original data, which is the displacement
signal, wnich is okay as is. Furthermore, the eisplacement signal is what we
compute from the theory. So, we generally don't deconvolve in the frequency
domain.

Bob Harris (Pratt & Whitney)s You did a deconvolution in the time domain with a
nonunique function. How do you do that? You don't have an inverse, right?

Wolfgang Sachse: We do sometimes. You are right, there are cases in which we could nct
invert the function. And the cases that I have shown you obviously are the ones
we could. We found out that if your function has a fast enough rise time and if
it is a unipolar pulse, we were able to invert it easily. Whether that is true
in general, I don't know. But it was true in the case of the mechanical signal.
It's also true for the case of the electrical signal. For the transducer oper-
ating as a source, there we need to find the inverse function of the excitation
voltage in order to find the transducer transfer function. That presented some
problems at first, until we found out that we were able to invert a unipolar
pulse which has a very fast rise time. By the way, I should say the theoretical
solution of the structure, the Green's function, that can be inverted with no
problem at all.

Don Eitzen, Thank you.
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HALF-SPACE RADIATION BY EMAT's

William J. Pardee and R.B. Thompson
Rockwell International Science Center

1049 Camino Dos Rios
Thousand Oaks, CA 91360

* ABSTRACT

A Green's function calculation of the far field radiation patterns of EMAT's is presented. The
approach is based upon (a) closed form expressions for the eddy current and static magnetic field
distributions, established by the EMAT. which react to produce the driving Lorentz forces and (b) a
Green's function derived from the steepest descent approximation to the far field response of an
arbitary surface point force on a half space. Numerical results are presented, illustrating the
radiation patterns of the three common EMAT designs. Included are vertically polarized shear waves as
radiated by both meander coil and periodic magnet EMAT's and horizontally polarized shear waves as
radiated by the latter.

INTRODUCTION to an arbitrary (thre -dimensional) point force on
the surface of a half-space, and the combination

Electromagnetic acoustic transducers (EMAT's) of these results to obtain the (non-point force)
have several features which are very useful in elastic wave radiation from the three types of
ultrasonic NDE. These features include non- EMAT. The point force response (Green's function)
contact operation, which permits high speed in- of the half-space is obtained analytically, as are
spection and inspection of hot parts such as the surface tractions, while the combination is
welded plates, the ability to produce beams of evaluated numerically.
easily controlled polarization (including espe-
cially horizontally polarized shear waves), and THE EMAT SURFACE TRACTIONS
the production of a beam which can be electron-
ically scanned in angle. The increasing impor- The three types of EMAT considered here are
tance of these properties for both materials illustrated in Fig. 1. In a convenient, although
science studies (e.g., residual stress, micro- somewhat non-uniform terminology, the periodic
structure) and ultrasonic scattering NDE has made magnet, longitudinal coil EMAT (upper left) will
quantitative knowledge of their radiation patterns be referred to as SH (because it generates SH
desirable. waves). the periodic magnet, transverse coil

(upper right) as SV. and the single magnet, me-
Three dimensional calculations of these radi- ander coil (which also generates SV waves) will be

ation patterns in the far field are presented on referred to as the MC EMAT. The current loops for
this paper for three types of EMAT's radiating the periodic permanent magnet EMAT's are schemat-
into a half-space. Two of the EMAT's consist of ically illustrated loosely wound, but are assumed
periodically polarized magnets surrounded by to be a tightly wrapped (uniform sheet) coil in
solenoidal coils to produce, respectively, shear- the calculations below. The coordinate system
horizontal (SH) and shear vertical (SV) bulk used throughout this paper will be right-handed.
waves. The third consists of a uniformly polar- with the EMAT centered under the origin (the
ized magnet and periodic meander coil which pro- elastic waves are generated in a metal occupying
duces SV bulk waves. The computations differ from the half-space z > 0). with the periodic variation
earlier treatments (1.2) of EMAT radiation pat- (magnet or meander coil) along the x axis.
terns in several respects. All three components
of the surface tractions are calculated directly Calculation of Static Field
from Maxwell's equations, based on the assumption
that the transducer currents and magnetization are Consider first a single uniformly magnetized
uniform. The very important effects of non- permanent magnet located at -L/2 • x r L/2. -w/2
uniformity in the fields and eddy currents are r y , w/2. and -(s+h) • z 4 -s. as shown in Fig.
thereby explicitly included, making it possible 2. The magnetic field is readily obtained from
late- to obtain a quantitative measure of the classical magnetostatics. With uniform
molal purity of the generated wave. Second, these magnetization M = M0 Z , we have
calculations are done for rectangular (rather than
cylindrical(2) EMAT's. Third, the lateral (three 1
dimensional) variation of the EMAT beam is V.H = -0o" V.M = (Mo/Uo)[6(z+s)
obtained.

- 6(z + s + h)] ()
The paper is divided into three major parts;

the solution of Maxwell's equations to obtain the
eddy current and static fields for the three types Since the field is static. V x H = 0 , and we can
of EMAT. the calculation of the far field response find H from a potential tM'

1 1)



H = -VM ,(2) and

which satisfies Poisson's equation, 2 3

V2 B z M 0(w ). ) (2-3 mod(m.2)) tan-
V M = V. M/120  (3) Z 0 n=1 m=-1 (5

The result is

OM -fd r'Pm(r')/( 4wiR) (4 Yn xm ARmn)

or H ( 0 -f d3r R Pm( r'/(47rR) (5)

where R =r -r' (6)

and R =(.)/ The integrals are two
dimensional over the top dnd bottom surfaces of
the magnet. The results for the top surface are
conveniently written as double sums of two terms
each. and with B -j '-

2 OBx = 0 (471 (-1)0~ log (y n+ R )n (7
m(4w) -- -- -- ctIs

B M Onl2 On log (x + -- )1..r-
y 0 mn1m mn $-

() Fig. 1 The thiee EMAT configurations with the
eddy currents, magnetic fields, and re-

and sulting forces schematically illustrated.J
2

Bz = 0 /W4i) 1 (-1)ntan l(xntn/[ sR mn)~ ~ m.n1l
(9)

z

with

xm = -Ex + (-1)M'L/2] (10)

Yn= -(y + (_l)nw/2] (11) "

A S

a nd ~ 'M2 + Yn 2 , 2)112 (12) h

The contribution from the bottom surface is
obtained from Eq. (7-9) by the substitutions M * J~

-M.s + h. These expressions will be uses in
predicting the performance of the MC EMAT.L

For the SN and SY EMAT's the periodic magnet
field can be obtained by summing contributions
like those above with alternating sign, but it is
preferable to take the magnet pair (Fig. 3) as the
fundamental unit. The procedure is identical.
though the integrals are somewhat longer. The
results are, for the near surface. Fig. 2 Geometry for calculating the static field

of a single permanent magnet such as used
2 in the meander coil EMAT.

B o~(10/4w snn=l m-. In the foregoing (Eq. 13-15) the expressions for

Yare given by Eq. (11) and

(Y+ R 2 n )/ [(Y n + R~-~)Y -*R2 ,n )] (13) Yn = yni. (15a)

%/(4,r) 1 (3 Imd(m.2)-2)log [(xm* Rm )/
m.1- but there are now three x values.

(xm +R m.)] (14) xm =(m-I)D/2 -x , m -1.2.3 . (16)
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and the factor 3 mod(m.2)-2 is just the set of H-a x n K-a (19)
weights 1. -2. 1. With this convention R is
still given by Eq. (12). The contribution-from or K H x n (20)
the lower (distant) surface can be obtained as
before, but this is small, and is commonly made to
vanish, in practice, by connecting the magnets and this enables one to obtain the surface current
with a soft iron shunt. One qualitative feature K from the field ". The field H for the rectangle
to be noted is the presence in the components of loop of the SH EMAT. shown in Fig. 4 is obtained
the static field parallel to the surface (Bx and from the Biot-Savart law.
B ) of logarithmic singularities at each magnet
b~undary (Eqs. (13) and (14) evaluated for s = 0). d B = dI dlx R/(41TR3) (21)

10 z where R is as in Eq. (6), dI = I dy/b, and dl is
either gldx or 13 dz. To satisfy the condition
that the normal component of B vanishes at the
conductor surface, an image contribution must be
included. The effect of the image is to double
the parallel components. The results are

=K -A 0 1-i+4k {tan -  [xiYjl(zkR ijk)]

Soi.j,k=1

+ tan- I [YjZk/(xiRijk)) } (22)

2

Ky = K0  (k= I(+I+k log(zk + Rijk)y i ,j ,k=1
(23)

where

Ko = NI/(2rb) (24)

xi = x + (-I)I+1 a/2 (25)

yi = y + ( 1 )j+l b/2 (26)

z k =z +(2 -k~c(27)

Fig. 3 Geometry for calculation of the static k z + (2 - k)c

field of a single permanent magnet pair and
(quadrupole) which will be repeated
perodically to form the SM and SV EMAT's. Rijk = (x,2 + yj2 + Zk2 )1 /2  (28)

Eddy Currents Induced by a Rectangular Current For the SV EMAT. the coil is rotated 90° about
Loop the z-axis and the same results hold after the

appropriate rotation.
For the frequencies of interest (-I MHz) and

in highly conducting metals such as aluminum, the Eddy Currents Induced by a Meander Coil Segment
wavelength of the elastic waves is much greater
than the skin depth, so the eddy currents can be The meander coil primitive segment is shown in
treated as a surface current distribution Fig. 5. The induced surface currents are calcu-
(amps/meter). lated as for the rectangular loop of S2.2, but now

require only one-dimensional integrals. The re-
d sults are

K(x.y) = dz J(x.y.z) (17)
0

By applying the Maxwell equations for VxH to a K/Ko 2 1)

small planar closed path along a vector u parallel x 0 R22  RlI 7

to the metal surface, one obtains r 1

+ -( ,2 (29)

fHdl . u , (18) 21

where ' is normal to the surface. The most Ky y y -
general vector v{ parallel to the surface can be 1 .

written in the form V x n where a is
arbitrary. Inserting this in Eq. (16) yields the y R y 2  1

condition, + (30)
R R

21 2 ,...



where The Surface Tractions

Ko = oIh/(2i) . (31) The Lorentz force per unit volume on the elec-
trons. f = Q x B. has been shown3 11 

to be trans-
Xn = x + (3 - 2n)u/2 (32) ferred to the lattice. By integrating over z the

surface traction (force per unit area) is ob-
Ym 

= y  (-I)"/2 (33) tained.

and T = K x B (35)

Rnm = (Xn
2 

+ ym
2 

+ h
2)1 /2  

(34) where it has been noted that the skin depth is

small compared to both the variation in the static
field, B. and the wavelength of the elastic waves.

and a define the coordinates of the coil as The symmetries of the currents, fields, and trac-
described in the caption to Fig. 5. The term in tions are tabulated in Table 1. Note that the me-
square brackets in Eq. (29) is the only contri- ander coil eddy currents have no symmetry in y.
bution from the conductor at a/2 4 x < 3 a/2. y = Three dimensional plots of the three components of
-43/2. and this is to be omitted from the rightmost surface traction for each of the three transducer
periodic repetition of the primitive meander coil types are shown in Figs. 6-14. The transducer
segment. parameters are given in Table 2. In interpreting

the results, it is important to recall that the
In-plane magnetic component perpendicular to a
magnet boundary has a weak (logarithmic) singu-
larity (-log s) at that boundary, as can be seen

from. e.g.. Eq. (8) for B at y= w/2. The ex-
I -,pression is singular for 41/2 < x < D/2. i.e..

along the magnet boundary. Moreover, the
derivative with respect to yaB /y, changes

I Irapidly in magnitude and reverseA sign at the
boundary. This is evident, for example, in t3 =

KXB - K B for the SV EMAT. Fig. 11.

C Table I

SH SV MC
x y x y x y

tx  + + +
K - - + + - +

V. +4+ + + +,

H x - - - - +,

V_ - +, - + +

t ++ - + .4

t x + + - +

Fig. 4 Rectangular current loop of length a. _
width b, height c, located a distances below the xy plane. Symmetries in x and y of the surface currents,

static field and surface traction for the three

varieties of EMAT shown in Fig. 1. Kx for the
meander coil EMAT is neither symmetric or anti-
symmetric.

Table 2

SH and SV

Length. mm 38.1
Width. mm 7.87
Height. m 4.0
Liftoff. mm 0.254
Magnet period. mm 6.35
# Magnet pairs 6

M

Fig. 5 One segment of a meander coil. Entire Length. mm 31.75
coil is built up by periodic repetition, Width. mm 7.87
with the last leg omitted from the last Liftoff, mm 0.254
segment. The coordinates are A 1 1/2 Coil period. mm 6.35
(-, -0). B - 1/2 (-a. 8). C = 1/2 Magnet height. own 4.0
( 8, 8). 0 - 1/2 (a. -.) and E = 1/2 # m.c. loops 6
(a. -).



The SH EMAT tractions (Figs. 5-7) exhibit two components are strongly modulated. This is a
desirable properties: the desired component (t consequence of the solenoid-like coil which in-
Fig. 6) is very smooth and periodic, and the duces very large eddy currents near its ends but
undesired components (tx t_ Figs. 5. 7) are much only weak currents near its center because the
smaller. These undesired stress components are a magnetic fields are nearly entirely contained by
result of fringing fields at the edges of the the coil. In this case, the K. Bx. and Bz fields
magnet and coil structure. The dominant currents are dominant. The undesired tY' stress component
and fields are K and B which combine to produce shown in Fig. 10 is produced b the term KZBK .

the t illustrated in Ffg. 7. The major contri- For this coil geometry, the fringing current Kx is
butiots to undesired components arise from terms greatest at the magnet array ends (coil edge), and
in the cross product of Eq. (35) which contain one produces the indicated stress, which is about 10
fringing field and one of the dominant fields. dB from the desired components. The strong
Thus the tx distribution arises from the term K. modulation in the desired stress components for
Bx which, as shown in Fig., 6. is largest at the the SV case, in contrast to the highly periodic
end of the magnet array where the current is behavior for the SH case. arises because of the
fringing as part of the closed paths in whith it different aspect ratios of the solenoidal coils
must flow. The undesired t, distribution when wound transversely or longitudinally around
shown in Fig. 8 arises from two terms. K B is the magnet array.
again largest at the magnet array ends Jii to the
same fringing of K,. while K B is largest at the
edges. The latter yhas a sign hange due to the

change in sign of K .occurring because the
direction of the frfnging eddy currents is

opposite to those under the coil. The tx and tz
components are reduced by 13 dB below the t
component for this transducer. y

Fig. 9 t, in first quandrant for SV EMAT.
Transverse (y) scale expanded by a
factor of 5.

Fig. 6 Surface traction t x (x,y) in first

quadrant (x.y 0 0) for SN E?4AT. Scale
in y direction expanded by factor of 5.

Fig. 10 t in first quandrant for SV EMAT. All
stales as in Fig. 9.

Fig. 7 Surface traction ty (xy) in first quad- ,.,-_.
rant (x y , 0) for SH EMAT. All scales
identical to those of Fig. 6.

Fig. I t in first quandrant for SV EMAT.

Afl scales as in Fig. 9.

The MC EMAT has singular behavior at both the
wires and the magnet edges, as well as a lower
amplitude traction (for given current and field)
then the SV or SH magnets. It also lacks the

Fig. 8 Surface traction t ix y) in first symmetry (Table 1) of the other two EMAT types.
quadrant. (x.yoO) for SH EMAT. All
scales identical to those of Fig. 6. THE FAR-FIELD HALF-SPACE GREEN'S

FUNCTION FOR A SURFACE SOURCE
The SV EMAT generates elastic waves by a

combination of tx (Fig. 9) and t (Fig. II) trac- The displacement field um(t.r) satisfies

tions; the undesired ty (Fig. 10 component is 2 30

much smaller. In this case. the periodic x and z a u M mnpa ? m= -- (36)

at n
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where with

a au +a u )2 20 Co() -2 201/2
mn z a m (37) dT~ (cos2O) + 4 sin6 COO -sing

r +n n m )

with A and ii the Lamer constants and summnation over and (3

j =1, 2. 3 implied. At the surface (z = 0). the
stresses satisfy Lj=2ijCS( _i~)//L (4

ao3(t.x.y~o) = Tm(t.x.y) .(38) wt

with T given by Eq. (35). This general solution dL =(K2-2 sin 2o)2 + 4 sin 26 coso
is most conveniently obtained by superposition of
solutions Gmn(w.r) for the special case in which (K

2 _sin 2O'1 1  
(45)

Tn(t.x.Y) = tn exp(jwt)6(x)6(y) (39)Ti

with t an arbitrary real number and 6 the Dirac
delta 'hnction. The solution for G in the far-
field is presented in Appendix B. Wf e result is
conveniently wrfitten in terms of longitudinal
(L1 ) and transverse (T1 ) tensors as

ij ij Fig. 13 t in ri ght half plane (x20) for meander
4iiwr G.i T.j exp(-jw /T + Ljexp(-jw "C) Oil EMAT. Vertical scale as in Fig.

rfc~) L 1 3  v/cL)12.
(40)

with CL and CT the longitudinal and transverse

wave velocities.A

Fig. 14 tz for meander coil EMAT. All scales
T as in Fig. 13.

The mixed subscript components (G3i. Gi3. i * 3)
are given by

Fig. 12 tA (x.y) in first quandrant for meander-2 612
coil EMAT. Transverse (y) scale ex- Ti3 =-cseri ( ' -sin /2 d (46)
panded by a factor of 5.-coe K n,

Define Li3 =cosr' 'i ( -2 2sin 2e)/dL .(41)

c CL/cr (41) T3i =O5 cof r (2sin2U - 1)/dT .(48)

and
and use spherical polar coordinates. z = r coso,
etc.. then, for both i * 3, and j * 3. L3i 2cos2O ,, (,~2 _ sino)l'/2/dL (49)

Ti ' u - Eij 4 coso (2-sino)" rhe remaining components of G are obtained from

+ 2 sfn2, - 11/dT .(42) T3 2sin2
,, cosf) (, - - sin2o 0 12 (50)



L33  cos20 (K2 - 2sin 2e)/d L  . (51) Here y is the angle of the major axis of the
elliptical motion. measure1 with respect to the SH
polarization direction P 1. and X1 and X2 are

The square roots arise from the z component of a respectively the semi-major and semf-mfnor axes of
wave vector and become ne ve imaginary when the ellipse. The Xi are the eigenvalues of the
their arguments are negative, quadratic form and are given by

It is useful to identify the extent and nature
of the polarization of the radiation. SH = + + (_1) 
polarization is defined by a unit vector t' a 1 a2
perpendicular to both the propagation direction
(r. in the far field) and the normal (i) to the cos 1 11/2
surface. SV polarization is then defined to give c (61
a right handed triple by (ata 2 ) (61)

and satisfy() r x .(1)r (52)

0 ' A1 < .2 (62)

The displacement of any transverse radiation can

then be decomposed into components along these two
directions with tan' (a ' - A1) ala 2 sec6 (63)

u = [u() (1 ) + u(2)(2)] exp[j(wt - kr)]. (53) 0, and 62 are the instantaneous displacements
measured along the major and minor axes
respectively. Note that 6 = 0 implies A1 = 0. and

In general, u(h ) and u(2 ) will be complex numbers therefore the ellipse equation degenerates to B =
and the polarization will be elliptical. The 0, a straight line. Circular polarization resuits
measurable displacement field will then be given from 6 = (2n + 1)7/2.
by the real part of V. To describe the properties
of the elliptical polarization more conveniently, Let us consider the forgoing for the case of
we define radiation from a surface point 3ource orineed in

the x direction . he ar )litudes a are
ot anexdifre o n a hI T i,  and are given by

=obtained from a

a( l ) = sinp (64)
i =  Re(^()" u ) ai  cos(T + 6 i0 , (55) and

and a(2) = cos2O coso cos4/[cos22O

+ 4sin 2) cosO(.-2 - sin 2o)1/2 ] . (65)
6 = 6 2 - 61. (56)

For 0 < sin-'(K) the a( i) are real; the radiation
Here ai and i'i can be interpreted as the peak is plane polarized. At 0 = sin-'(-) = sin-(1/?)
magnitude and phase of the displacements along the z 300 in the example to follow) the amplitude a2)
SH and axes. Ui is the instantaneous value along for SV radiation becomes complex and the radiation
the axes. By elimination of T one then obtains becomes, therefore, elliptically polarized. This
Eq. (12) transition can be appreciated physically by

imagining the source to be infinitesimally inside
the surface. For 0 < sin-i(K) the beam contains

(a,/al)2 + (a2/a2  - 2az 12 /(ala 2 ) cos6 = in
2 6 . SV waves propagating both directly from the

source, and reflected from the surface, and to
(57) satisfy the boundary conditions on the surface a

mode-converted longitudinal wave at ' = tan-1[(l
- K2sin 2oP)-12'. At 0 = sin-'(-) the mode-

This quadratic form describes an ellipse, which converted longitudinal yave becomes evanescent.
has the simplified form and the coefficient u 2 1 concomitantly develops an

imaginary part. The phase shift 6 is negative;

2 2 2 the polarization vector rotates from SH to SY
sin26 = A0 + (58) (right-handed). At o = 450 no SV beam can be

radiated; the radiation is plan. SH. For u > 450
a small SV beam reappears wit'. the opposite sign,

after a rotation of coordinates given by and thus is left-handed ellipically polarized.

The angle Y made by the plane of polarization
0 1 a I cos g + a 2 sin 4 (59) (or of the major axis of the ellipse, depending

upon whether 6 * 0) varies with as shown in Fig.
15. For small 0 (radiation directed upward) the

82 - U1 sin o + U 2 cos (60) radiation is plane polarized, varying smoothly



between pure SH at o 90° and pure SV at o 
= 
0.

The discontinuity at o = 0 occurs because the SH-
amplitude disappears and reappears reversed .- -

symmetrically, as shown. o 0. 45-

For 6 just below and just below 450 the SV
amplitude, because it disappears at 450, is very
small, so, except very close to the forward
direction the radiation is nearly pure SH. Since -

the SY amplitude changes sign at 0 = 45, the
angle 1P has a discontinuity of 

1800 at this 
%0'

point. This discontinuity is essentially one of
phase, and obviously does not imply any discon-,\ \\
tinuity in the amplitudes themselves. The \ \
dependence of upon 0 for various planes at fixed
(x' = x cos 0 + y sinf) is shown in Fig. 16.

x' =-9V 45
°  

0 45
°  

Mr
°

The power radiated per unit area is most Fig. 16 Polar plot of the angle Y between q x z
easily obtained from

1
4 [e(SH)] and the plane of the major axis

of the polarization ellipse vs 0 for
various P arising from a point force

Pn =vm mn - (66) parallel to x axis.

and is conveniently separated into SH. SV and L
contributions. For the two transverse
contributions

/

p~i) la~
1)i1 2

p=/cT (67) / ," - ,

and for the longitudinal power.

PL =a 2 12 (X 2Is)w
2
:/c~ (68) ( j _y,.....

with
Fig. 17 SH power radiated at 0 600 by a point

aL rmum (69) surface force in the x direction.

// a , p 
a o/ / 3,

/ :, p, ,g e, p- x =f

tion ~ ~ ~ ellps vs o for vaiu 0. a'nd 80 hng nsino- teS

amli a o =e 0 is iluta e

FIg. 15 Polar plot of the angle * between q x z FIg. 18 SV power radiated into the zx planes
p e(SH)] and the plane of the major axis by a point force along x axis with
of the possibly degenerate polariza- X' x cos + y s is for t = . 400,
tion ellipse vs for various F and 800. Change In sign of the SV

amplitude at t = 45r is illustrated.
The SH power radiated Into the plane fo t 60 by a
point force along the x axis Is shown In Fig. displacement roughly parallel to itself, but for

17. Obviously, such a force produces no 511 > 450 the SV displacement arises from the x force
radiation in the forward ($ 0 0) direcit-'n. For pushing up the material. This reverses the sign

fixed *, the radiated SH1 power Is Independent of and produces a much lower SV efficiency. This Is

0. Figure 18 shows the SV power radiated by the the origin of the reversal between right ellipti-

same force Into planes at € - 0. 40% and 80. cally polarized and left elllXically polarized
For ( = 900 the radiated power is pure SH. The radiation at 0 = 450 The variation of the SV
cusp at 0 = 30' is due to the evanescent mode- power as a function of o. for o = 300 is shown in
converted longitudinal wave described earlier; the Fig. 19. The longitudinal power radiated by this
null at 45* arises because of reversal in sign of x directed point force is shown in Fig. 20 as a

the SV amplitude as is evident from the vectors function of 0 for various o. It is obvious from
sketched on Fig. 18. For small 0(0 <450) the x symmetry arguments that no longitudinal power will
directed force produces a relatively large SV be radiated upward ( 0 0) by this force, or to
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II

1. o ca1sv c

" _ _ _ - v k .- '.. . -- _

Fig. 19 Cross section of the SV power radiated Fig. 22 Longitudinal power radiated by a point
into planes 0 = 300. 60* by a point surface force along z axis. Pattern
surface force in x direction. is independent of *.

Fig. 20 Longitudinal power radiated into zx' N 0 00 0

planes x = x cos@ + y sine) by a Fig. 23 SV power radiated by a point surface
point surface force along x axis for force along z axis. Pattern is
0 = 0, 40, and 80% axially symmetric.

the side ($ = 900). The less obvious fact that the previously noted observation that, for a plane
the power must vanish for o = 900 occurs because SV wave traveling at this angle, the phase matched
such a wave does not satisy the stress free longitudinal wave is evanescent.
boundary conditions at the half space surface.
Figure 21 exhibits the smooth cross section of It is interesting to note that numerical
this longitudinal radiation in the forward comparisons show that the radiation into the
direction in the plane 0 60*. planes o = 0 and € = 90 for the force f x and

into any plane for the force f = 2 are equivalent
to that for equivalently oriented line forces
except for a scaling factor.

EMAT RADIATION PATTERNS

- - , The far field radiation pattern of the EMAT
/ .can be obtained from the convolution of the sur-
. ' r . , face tractions tj with the asymptotic expression

,, Gi. for the Green's function.

.... -- - .'-- -- o- - -,o. ui(x'Y'Z) 
=  

d~x'Gij
( x - x',y - y'z)tj(x',).

Fig. 21 Cross section in the plane 0 60 ° 
of (70)

the longitudinal power radiated by a
point surface force in the x direction. This convolution integral can be greatly sim-

plified by working In the far field of the EMAT;
A point force along the y axis introduces i.e.. at a distance large compared to the entire

differs from the above only by o - 0 - 90
°.  

EMAT rather than compared to a single EMAT seg-
However, a point force along the z axis is ment. This is only an entirely satisfactory
fundamentally different. Note first that such a approximation for quite large distances. 1 but a
force produces no SH radiation, and Its radiation great deal can be learned from it. The effect Is
is independent oT 0 (axially symmetric). The to enable us to make replacements
smooth, structureless longitudinal radiation cone
is shown in Fig. 22. The SV radiation pattern Is
more interesting as shown in Fig. 23. Again by IR - R'Vltexp(iwJR - R'I/c) r-lexp(lwR/c)
symmetry, no SV waves are radiated along the z
axis. Furthermore, there is a second null where
the direction of the SV radiation vector changes exp(-iq.R') (71)
sign at 

= 
sin-'(,). This is again related to
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This produces the very compact expression

4wpRui(R) = Tijtj(qT) exp(-jqTR) + Lijtj(q)

exp(-jqLR) (72)

where T11 and Lij depend only on 0 and € (Eq. 42-
51) ti sthe two-dimensional Fourier transform
of ti, qT(qL) 

= 
w/cT(cL). and summation on j is

impi led.

The two-dimensional Fourier transform of ti
needs to be computed only for a rectangular mesh.
for which FFT techniques are convenient. The
value of t is. of course, needed at non-mesh
points, but this can be obtained by two-
dimensional interpolation without further time __

consuming integration. An interpolation algo- -46_ __ .. --

rithim was chosen which used a sub-mesh of 16

points (xny m) surrounding the desired point (xy) Fig. 24 SH power radiated into the xz plane by

and first fits cubic polynomials to four sets of the SH EMAT.

four points parallel to the x coordinate
[F(xnYI). etc.] interpolates in x in each to
obtain four new interpolated values F(x.yn) to
which a cubic polynomial interpolation is applied
to estimate F(x.y). This was compared to linear
(4 mesh points) and quintic (36 mesh points) with
excellent results (-0.2t change between cubic and
quintic). /

We turn to the individual consideration of the
three specific transducers. The SH power radiated
by the SH EMAT in the xz plane is shown in Fig.
24. At 1.8 mHz this E14AT produces main beans at b -. -

= 15*(o = o.18u*) and grating lobes at 0 = 51'(o
= o.180°). Note that the beams are very sharp Fig. 25 Cross section of the main beam (0 = 150)
(-3*). and that, without apodization, the side and grating lobe (o 51'. dashed curve)
lobes are down the 13 db expected for a linear of the SH EMAT.
array of rectangular sources. The cross sections
of these beams are shown in Fig. 25. The main
beam is very broad (-30% -3 db). and has two very
small side lobes. The grating lobe is 15 db
smaller and much narrower (-100 -3 db). This
fact could be used in data analysis to eliminate
spurious signals from the grating lobe.

The contamination of the SH beam with SV and
longitudinal power is shown quantitatively by
the 0 at which the radiation of that type is
largest. The longitudinal power is very small (-28
db) and occurs at a much larger O( = 310), but . .
the SV power occurs at the same angle (with a much .
different , dependence) and is down only 13 db at I.

peak. Since the generating tractions t and t
for the SV radiation are antisymmetric (fable If Fig. 26 Dependence upon of main (SH) and
the two lobes of the SV pattern represent ampli- secondary (SV) shear beams at thin
tudes of opposite sign. It is possible that this maxima ( = 15*) and of the longitu-
antisymmetry could be used in signal processing to dinal beam at its maximum (9 - 310)
reduce the SV contamination further, from the SH EMAT.

Figure 27 illustrates the 0 dependence of the beam. Cross sections in o of the SH and lOngi-
SV power radiated by the SV EMAT. The previously tudinal beams from this (SV) transducer are shown
noted less-than-optimal aspect ratio of the in Fig. 30. As with the SV contamination of the
particular transducer studied here contributes to beam from the SH transducer, the SH lobes are of
the large side lobes. A cross section through the opposite sign.
main heam at 0 

= 
15

° 
is shown in Fig. 27.

The meander coil (i't) EMAT produces an SV

Figure 29 exhibits the 0 dependence of the radiation pattern which is narrower in ,), but with
longitudinal contamination of the predominantly SV very rapid (-3

°
) variation with U in the main

beam. as shown in Fig. 31.
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Fig. 27 SV power radiated into the xz plane by Fig. 31 SV power radiated into the xz plane
the SV EMAT. 0) by the meander coil EMAT.

The cross-section in of the main beam is

shown in Fig. 32. The irregularities in the ra-
diation pattern shown in Figs. 32, 33. and 34 arel apparently due to the loss of numerical accuracy

resulting from the coarser mesh required in theabsence of symmetry. (Because of mini-computer

memory limitations only 2145 elements were stored
for each component; for symmetric problems all of
these points were in the first quandrant). The

" •(approximate) 0 dependence of the SH beam from the
MC transducer is illustrated in Fig. 33. and that
of the longitudinal beam in Fig. 34.

Fig. 28 Cross section of the SV beam radiated
at 0 = 15

° 
by the SV EMAT.

LI

Fig. 32 Cross section of the "main (N 15
°
) SV

/ beam radiated by the meander coil EMAT.

30 20 10 Ode

Fig. 29 Theta dependence (4 0) of the longi-
tudinal power radiated by the SV trans-
ducer Into the xz plane.

Fig. 33 Cross section of the SH contamination of
the beam from the MC EMAT.

, ,- CONCLUSIONS

The major results of this paper. in order of
Fig. 30 Cross section (4 variation) of SH (dash- ,ecreasing rigor, are the expressions of Section 2

dot) and L (solid curve) contamination for the eddy currents and magnetic fields produced
of beam from SV EMAT. by various coils and magnets and their concomitant
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3L a(r) u Wr)u! j~ a ~ (A3)

the surface tractions are of the form

Tm3 = j, ad(r)Tm3 (r)  WA)

where Tm3 (r) are the stresses produced by the
solution u(r). For a spatially harmonic applied
traction t,. we require that

Tmt3lxyo) = t exp [j(on-Q-x)] (A5)

Fi. . By integrating the solutions U(xy.z;Q) over Q oneobtains a solution W(x,y~z).

W0 30 20 d02Od-- U(x..Q) (A6)
Fig. 34 Longitudinal power radiated into the xz ~ (2n) 

2
"

plane by the MC EMAT ( = 0).
which has surface tractions

surface traction, the three-dimensional far-field
half-space response to a point surface force pre- ---d2Q tme 2)
sented in Section 3. and the radiation patterns of T 3(X~y~o) - f T (x.y.o) t e ))
the three specific EMAT's in Section 4. The eddy (2n)
current and magnetic field expressions can be used (A7)
to generate the surface tractions for a very large
set of EMAT's. Those tractions, when combined
with suitable other Green's functions can provide, The a(r) are obtained from combining A7) with
e.g.. near or intermediate field radiation, or the (A4).
radiation pattern in a plate. The simplest im-
provement would be to eliminate the approximation 3 (r) Tr) 3 am.a(r)of Eq. (71). and work in the far field of the Tm3 (X.y.o) 

= 
, a (jTm3 ' Bm . (A8)

point source, which is not nearly as far as the r=1 r= m
far field for the EMAT. The increase in computa-
tional effort is large, however. The oscillating exponential can be cancelled, ad

the matrix B in Eq. (AS) inverted to obtain a(rI

The most striking conclusion from the study of
the EMAT radiation pattern is the remarkably good (r) 3
behavior of the SH EMAT. The bean is very sharp a = B1  t (A)
in (, very smooth and broad in o, and relatively m= r
free from other polarization components. In
general, the most useful result of the study is This leaves as the displacement field W whose
the quantitative information about the lateral (f) surface tractions are given by Eq. (AT).
variation of the radiation pattern.

3 Cur)nB-1

APPENDIX Wn = u B t (AiO)

The far field half space surface source 3

Green's Function for the elastic wave equation can ', Gnm(X,Y.z)tm  (All)
be constructed from ;olutions to the equation m=m

The quality Gnm is the displacement field Green's
+ + (x + u) vvju~r) = 0 . (Al) function.

The solutions u(r) are conveniently chosenFor any real vector Q with Q3 0 . there exist
r with polarization vectors ei(r) given by

three independent solutions r of the form

u~rI :(r) exp j(wt - Q.x - .(r)z] (A2) e = (Q2  - QI0) (SH) (A12)

e(2) cT/CQ)(,TQl" UTQ2" _ Q2) (SV) (A13)

where~ C(r) = C.
2 ,c~r)

2 
- Q 2 )1 1

2 with c~) c(2 ) ()=c/ ) Q T2 )(V A3

CT. c = CL. At z = o the surface stresses from and
an arbitrary linear combination U of these
solutions can be calculated readily. If the
comination U is written e(3) z (QiQ,.L)CLJ (L) (A14)
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where Then the phase * is replaced by *1.

T = (w
2

/CT
2 

_ Q211/2 (A15) 01() = f(go) + 1 (Q _ 2)i(Q _ go) i_2_i__Q

and (A24)

with the second derivatives evaluated at QO. The

L cL 2 Q)2 (A16) constant phase (QO) = w(t - R/c) can be removed
from the integral. The remaining quadratic
exponential cn be integrated as a product of

The surface tractions associated with these modes Fresnel integrals after a change of variables to

are given by eliminate the cross term. Q1Q2 . The results have
the form

t( ) xmT (1 ), = -PJ T (Q 2' - Q1  O )/Q A f( ) exp[j o( )] j cos 9 f(Q o)

S(2,)2

t(
2 )  = LjcT/(wQ)[(KT2 - Q

2
)Q . (16a)

exp[jw(t - R/c)]/(4TcR) (A25)

and CT 2_0 Q2)Q2 --2Q
2 
T) (A17) Note the integrals in (A19) include both values o

c . fnj the integrands must be evaluated at
S / r , 

where = (Q1,Q2. K). That is, the

(3) CL/(LQL..c ,I2, 2 n c approximate Green s function is~ i L "W(KLL2"(12 w /CT Q 2,)

(A18) jwt
Gn1x)-cosO e , (r)A(r)

These equations (A16-A18) define the 3 x 3 matrix r

Bmr whose inverse is easily obtained analytically.

(r) -1
No approximations have been made to this exp(-jwR/c )B-rm

point, but now a considerable simplification can
be obtained by going to the far field where the
integral over Q can be evaluated approximately by with(

r ) 
andB1

the method of stationary phase. The integral (W/c ) y, )/Rwhere R = x + y + 
2.

needed is obtained from Eq. P.O, All, and A2. Straightforward algebra produces the results given
in Eq. (42-51).
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PVF 2 TRANSDUCERS FOR NDT

E. Carome, K. Fesler, H. J. Shaw, D. Weinstein, and L. T. Zitelli
Edward L. Ginzton Laboratory

Stanford University
Stanford, CA. 94305

ABSTRACT

We have investigated the spatial dependence of the longitudinal piezoelectric stress constant e
of PVF . Experiments were performed on a series of nominally identical brass-backed PVF longitudinafz
wave t*ansducers in water using commercial PVF film. Computer programs were designed t9 predict the per-
formance of the transducers as a function of 9 (Z) . the thickness mode piezoelectric stress constant
as a function of position Z through the thickhiss of the film. Our experiments indicate that the coup-
ling coefficient is uniform across the film thickness. These computer programs were also used to model
the insertion loss and bandwidth performance of the transducers. High voltage pulses were applied to
PVF 2 transducers to determine the region of linearity and to find the maximum nondestructive voltage that
can be used. Transducers of this type were also made using PVF films fabricated in the Stanford Center
for Materials Research using commercial resin, and found to Leriorm as well as transducers using commer-
cial film. Transducers of the above kind have also been used as bulk wave sources in wedge transducer
assemblies for the production of surface acoustic waves on ceramic plates, and initial observations of re-
flections from surface cracks have been made.

It has been reported the PVF film may have a ferences should be apparent if e is strongly
spatiall non-uniform piezoelectrlc coupling coef- non-homogenous.
ficient. The claim is that the active piezoelec-
tric region is concentrated near the positive side wmul 1JUIsN tLs
of the film, the positive side being the side that ,,I DEs Vf&

was charged positively during the poling process. 10 1

The PVF transducer, which consists of a piece of
electroied PVF bonded to a brass backing,

2 
may TU'"fnt=A

have either thi positive or negative side of the
film exposed. The two possible configurations are
shown below in Fig. I. If the piezoelectric coup- r AT PAZINW

ling constant is non-uniform across the thickness
of the film, the insertion loss characteristics of
a PVF transducer should depend on the configura-
tion 9f the transducer. This statement was veri-
fied using a computer matrix model thit calculated
the insertion loss of a single multi-layer PVF 2
transducer transmitting into water.

3

SIDE SIDE 
. 6

SID SIDE  Fig. 2. Calculated insertion loss curves for PVF
with non-homogenous value of ezz

Six brass backed PVF2 transducers were con-
structed using 25 L thick film obtained from Kureha

BRASS BRASS Corp. The aluminum electrodes originally on the
PVF were removed and replaced by a fl sh of chro-

Fig. 1. Schematic of the PVF 2 brass-backed trans- miuA and a thin layer of gold (- 1000 A), deposited
ducer configurations used. using an e-gun evaporation system. The polymer was

then repoled with a voltage of 2500 volts (_ 106
Results obtained using this program are shown V/cm) placed across the PVF for two hours. The

in Fig. 2. The PVF 2 was modeled as ten separate positive electrode of the pgling apparatus was con-
3.1 w thick layers, with e values of (.1, .05, nected to the side of the PVF which had been poled
.025, .0125, .00625, .003129, 0, 0, 0, 0) in order positively by Kureha. The poling wgs performed in
across the 10 layers. The top curve is the pre- an air oven, at a temperature of 80 C.
dictei insertion loss when the layer with the maxi-
mum e value is located next to the loading ma- Using this repoled material the six transdu-
terialzfwater). This configuration results in a cers mentioned were constructed. Three of the
resonance valley around = .6 sn due to the layer transducers were bonded so that the side of PVF 2
of nonpiezoelectric PVF trapped 8etween the back- which was charged positive during poling was ex-
ing material (brass) ani the active PVF,. The bot- posed to the air. (These were labeled the +1, +2,
tom curve is the predicted insertion lo s when the and +3 transducers.) The other three transducers
layer with ez= .I is located next to the brass. were bonded so that the positive side during poling

was epoxied to the brass. (These were labeled the
Figure 2 shows that large insertion loss dif- -1, -2, and -3 transducers.)

153



Two-way reflection mode insertion loss measure- tion we fitted the theoretical curve to the experi-
ments were then performed on all transducers. In- mental results. Our choice of parameters was guided
sertion loss is defined on the basis of a 50 Q by previous measurements. A good fit was obtained

source generator driving the transmitting transdu- without drastically changing the original parameter

cer and a 50 Q load connected across the receiving values. This implies that the material propertips
transducer. The results of this experiment are of PVF2 are fairly well known and that the experi-
shown in Fig. 3. The graph reveals no significant mental and theoretical results are consistent.

'5 The response of PVF 2 to high voltage pulses has

also been investigated. The idea behind these ex-
0 -periments was to investigate the maximum nondestruc-

tive voltage which can be applied to these transdu-
.s cers and also the linearity of the transducers with

respect to voltage. As PVF has relatively low
piezoelectric strength compired to ceramic materials,
it is of interest to see if this can be compensated

aby using high input voltages.

The transducers used in this experiment dif-

fered from earlier transducers used in that the
electrode covering of the PVF 2 was etched back away
from the edges of the polymer in order to prevent
arcing.

0 S it FS

IMMIX (OW An input voltage pulse was applied to such a
transducer immersed in water. The input pulse was

Fig. 3. Measured insertion loss curves for the six triangular in shape with a base width of - 200 ns.

text transducers (-1, -2, -3, +1, +2, +3). This pulse generated an essentially bipolar stress
wave in the water which was then incident upon ano-

differences between the performance of the positive ther PVF transducer. Figure 5 is a plot of the

and negative devices. The high degree of similari- amplitudi of the input signal versus the peak-to-
ty between the two sets of curves suggests that the signal observed across the receiving transducer.
piezoelectric activity of the PVF used in this ex- ..

periment is spatially symmetric and spatially uni-

form. Two-way insertion loss measurements were also
performed using transducer -l as the receiver and
different transducers as the transmitter. These .6

were consistent with the reflection mode measure-
ments. We conclude that the PVF 2 used in our ex-

periment did have a uniform value of e across
its thickness. 

zz

We next calculated the theoretical insertion
loss curve or a transmitting PVF brass-backed
transducer using the matrix impeiance model. The .2

results were doubled to obtain the two-way insertion
loss. The plot of this czlculation, along with the
average experimental results are shown in Fig. 4.

7A 9515i NE (PKlW

Fig. 5. Measured voltage across receiving transdu-
MTIA cer versus amplitude of voltage pulse ap-

plied to a PVF 2 transducer used as trans-
mitter.

fie The output voltage is seen to increase in a roughly
M_ n linear manner up to - 600 v(20v/ii). At this point

1 -0 the pulse generator could not supply a larger ampli-
SDICK. Ps+ tude output pulse unless the width of the pulse was

*' .I* expanded significantly. This pulse widening resul-
ml..s ted in a shift of the pulse energy from high to low

'0% frequencies, where the insertion loss is higher.
'IVI The curve consequently leveled off at this point.

Using the same transmitting transducer, the experi-
ment was repeated and was found to yield repeatable

F 5 i a results. This shows that PVF2 transducers can with-,PUMKV stand at least 20 v/V without damage (in a pulse

Fig. 4. Average insertion loss of the six test mode), while still operating well. Other experi-
transducers of Fig. 3, and theoretical in- ments of this type suggest that PVF transducers

sertion loss curve adjusted for curve fit- can withstand 45 v/p without readil apparent damage.
ting. In that particular case, however, the transducer did

appear to sustain some damage at voltage gradients
By adjusting various parameters used in the calcula- above 50 v/l. In either case the upper limit of
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applied voltage is significantly larger than the the transducers was evaluated through measurement
maximum ac voltage which can be applied to most of direct atd Fourier-transformed reflections from
piezoelectric ceramics. For example, the ac depo- the cracks.5

ling field for PZT-5A is- .7 v/P. The above results
on linearity are consistent with earlier experiments The experimental system is outlined in block
carried out here. A high power cw rf generator was diagram form in Fig. 7. A single transducer is
used to generate high rf voltage at the terminals
of a transducer of the above type using 25 p Kureha r - -
film, and the radiated acoustic field strength was
monitored with a receiving transducer electrosta-
tically shielded to suppress the direct electrical
feedthrough signal. The radiated field strength
was accurately linear with applied voltage up to a
v Utage gradient of 25 v/p, the highest gradient ob-
tainable from the rf generator. It should be noted Fig. 7. Block diagram of system employed for sur-
that PVF 2 transducers can be excited with high rf face flaw detection studies.
electric fields wihtout requiring high terminal vol-
tage by folding and bonding electroded film, produ- used as both source and detector. It consists of
cing a multilayer transducer in which voltages of a 25 micron thick, 1.2 cm square element of uni-
the individual layers are in p~rallel while their axially stretched PVF obtained in sheet form from
acoustic fields are in series." the Kureha Corporatio , already stretched, aluminum

coated and poled. The aluminum coatings were re-
The PVF device programs are formally associa- moved by etching and replaced with gold on chrome

ted with an iSF supported materials program on (- 1000 R) evaporated coatings, and the sheets then
piezoelectric polymers. Under this program, syn- repoled. The transducer element was attached to a
thesis of PVF from the monomer is carried out in mirror finished brass backing plate with epoxy ce-
the Chemical ingineering Department by C. Frank, S. ment, taking care to obtain a very thin uniform
Bowker and students, and PVF film fabrication is bond. The opposite surface of the backing plate
carried out in the Center fo; Materials Research was angled to reduce reflections. It is pivot
(CMR) by R. Feigelson, R. Route, R. DeMattei and mounted in a brass holder, as indicated in Fig. 8,
students. Under the present device project we have with a silicone rubber wedge (RTV 615) placed be-
tested PVF films from this program, by using them tween the PVF and the ceramic substrate. The ori-
to fabricate transducers of the type described entation of te holder and the angle of the wedge
above. Figure 6 shows measured two-way insertion were both adjustable so that the longitud nal-to-

FWAID.S~Eijloll LOSSsurface wave coupling could be optimized.9

w ~ fi 1--* - CS,., 1 OW AMUl AORUMI

so U aCInmE PW' IFILM
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Fig. 8. Sketch of transducer assembly used for
surface wave generation and detection.

The PVF transducer was driven by a repetitive
w s N 2 I monopolar voltage impulse, approximately 300 volts

m~mx peak amplitude and 50 nanoseconds full width at half
Fig. 6. Measured two-way insertion loss curves for amplitude, as indicated in the oscillogram shown in

transmitting transducers using Stanford Fig. 9. This led to the launching of a surface wave
and Kureha films, impulse onto the top surface of the substrate. Sur-

face wave impulses reflected back to this same trans-
loss results on two identical transducers (C5 and ducer from the edges of the substrate and from sur-
C9) made with film (thickness 25 11) pressed at CMR face flaws led to signals that were easily detected
from commercial polymer powder, compared with that and processed.
of a transducer (N3) made using Kureha film (thick-
ness 25 p). In these measurements, the transducer As indicated in Fig. 7, the amplified received
under test was used as transmitter, and a fixed signal was fed to a sampling oscilloscope that ef-
calibrated PVF 2 transducer was used as receiver. fectively increases the time duration of the sub-

microsecsnd received impulses, permitting them to
PVF surface wave transducers were used to gen- be digitized usig a relatively slow analog-to-di-

erate anO detect surface acoustic waves on ceramic gital converter. In addition, the sampling oscil-
substrates. Wideband acoustic impulses were easily loscope also served as a gated amplifier so that any
generated with these assemblies with the dynamic desired temporal portion of the received signal could
range enhanced by the application of high level in- be selected for viewing and analysis. Hard copy
put pulses. These transducers were tested on un- graphs of the various received impulses and their
polished Si N plates containing half penny shaped Fourier spectra were obtained in approximately two
cracks, to deermine their potential for application minutes using a minicomputer and an x-y plotter.
to nondestructive evaluation. The performance of
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additional signal processing.

Fig. 9. Oscillogram of voltage impulse employed
to excite source transducer. Vertical - Fig. 11. Oscillogram of amplified (40 dB) received
50 V/div. Horizontal - 50 nsec/div. signal indicating echoes from surface

flaws at approximately 4.2 psec, 8.6 lisec
To indicate the type of data that have been ob- and 15.2 Psec, and the edge echoes at

tained with this system measurements were made 10.8 and 13 wsec. Vertical: 0.5 V/div.
using a substrate of 0.64 cm thick, 16 cm x 2.5 cm Horizontal: 2 lisec/div.
rectangular silicone nitride Si3N plate. The top
and bottom flat surfaces of the plate were optical- Plots of the portion of the sampled and digi-
ly polished and the edges were finely ground perpen- tized received signal containing the reflected im-
dicular to these surfaces. Three surface flaws were pulse from the top edge of the plate, and its
produced adjacent to one end of the plate using the Fourier spectrum, are shown in Figs. 12(a) and 12
Knoop identation technique. 8 As indicated in the (b), respectively. Note that this impulse is tri-
sketch shown in Fig. 10, two flaws designated "Type
A," one on the top and the other on the bottom,

------ 2, + - .M--o ~ (a)\7

Fig. 10. Schematic diagram indicating flaw loca-
tions on ceramic test plate: ..Type A"
flaws generated with 750 Newton indent
load, "Type B" flaw with 500 Newton load.

IN WC¢

were produced by applying a 750 Newton force to a
diamond indenter; the third "Type B" flaw was gen-
erated using a 500 Newton force. This technique (b)
yields "half penny" shaped flaws, and these were
positioned along, and oriented transverse to, the
center line of the fl.t surfaces, the "Type A"
flaws are approximately 900 mi,:vn: in diameter and
the "Type B," 750 microns.

The transducer holder was positioned approxi- 1, ,o,,
mately I cm from the opposite end of the substrate
and adjusted to maximize the reflection from the
top edge. An oscillogram of a portion of the am- Fig. 12. (a) Plot of received echo from top edge
plified (40 dB) received signal, shown in Fig. 11, of ceramic plate and (b) its Fourier
contains at succeedingly later times echoes from spectrum.
the two top surface flaws (at 4.2 and 8.6 lisec),
the top and bottom end edge echoes (at 10.8 and 13 polar and that it has substantial frequency compo-
usec) and finally the echo from the bottom surface nents over the entire frequency range 0.5 to 10 MHz.
flaw (at 15.2 usec). The echoes from the three This reflected impulse is expected to be reduced to
flaws are well above the background noise level; it amplitude by approximately 12 dB from the incident
is to be expected, therefore, that substantially Impulse.9 The received signals and corresponding
smaller flaws should be detectable even without Fourier spectra for the "Type A" and smaller "Type B"
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flaw on the top surface of the plate and the "Type are approximately 270, 140 and 170 millivolts, re-
A" flaw on the bottom surface are shown in Figs. spectively. The latter indicate that flaws on the
13, 14, and 15, r~spectively. It may be seen that reverse side of a substrate may be detected. The

spectra of the signals from the flaws are substan-
tially different from that of the edge reflection.
As expected, both the lower and higher frequencies

(a) present in the incident pulse are attenuated in the
scattered impulses. The spectrum of the top "Type
A" flaw (Fig. 13(b)) peaks at approximately 6 MHz
while that of the "Type B" flaw (Fig. 14(b)) peaks
at 7 MHz. These correspond closely to the frequen-
c ies at which the acoustic wavelength is the same
as the length of the flaw. Thus, as expected, the
spectra of the scattered signals may yield useful
information about the flaw size and other factors.

(a)

Fig. 13. (a) Plot of received echo from "Type A"
flaw on top of plate and (b) its Fourier
spectrum.

(a)

V, ! Y., Y , Fig. 15. (a) Plot of received echo from "Type A"
flaw on bottom of plate and (b) its
Fourier spectrum.

Measurements have also been made on Si N plates
with fine ground rather than polished surfa2ed. No
substantial increase in the background noise was de-
tected in the frequency range below 15 MHz. This
appears to be the upper frequency limit for surface
wave generation and detection with the transducer
holding and mounting system currently being employed.
Impulse propagation studies made in water using the

(b) same transducers as sources indicate that when they
are driven by voltage impulses of the type shown in
Fig. 14, they radiated impulses with spectra extend-
ing to 20 MHz and higher. This is illustrated in
Fig. 16, where the received impulse and its Fourier
spectra are shown for the case of two PVF transdu-
cers, brass backed and mounted as describid in this

F ; paper, one acting as source and the other as detec-
tor, used for longitudinal wave studies in water.
The electronic and signal processing system is the

Fig. 14. (a) Plot of received echo from "Type B" same as that used in the present study. Note that
flaw on top of plate and (b) its Fourier the received signal spectrum is substantially
spectrum, broader than that shown in Fig. 12. With this re-

sult in mind, the design of the holder for the trans-
the peak-to-peak amplitudes for these three impulses ducer and wedge is being improved in an effort to
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7. B. T. Khuri-Yakub, private communication.

8. J. J. Petrovic and M. G. Mendiratta, J. Am.

(a) Ceram. Soc. 59, 163 (1976).

9. F. Cuozzo, E. L. Cambiaggio, J. Damiano and E.
Rivier, IEEE Trans. Sonics and Ultrasonics
SU-24, 280 (1977).

(b)

Fig. 16. (a) Plot of received impulse generated
and detected in water using two PVF
transducers and (b) its Fourier spegtrum.

increase the bandwidth and other capabilities of
this technique. Further surface wave measurements
are In progress on substrates with various smaller
sized flaws; these are aimed at obtaining quantita-
tive data on the relationship between flaw signal
spectra and flaw length, orientation and depth, to
further evaluate the applicability of PVF 2 transdu-
cers for such work.
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UNDERSTANDING MATERIALS RELIABILITY - THE MECHANISMS OF FRACTURE

Robb M. Thomson
National Bureau of Standards

Washington, D.C. 20234

ABSTRACT

For the benefit of the NDE community, a personal view will be given of the current status of our
understanding of materials fracture. The discussion will include a general description of the physical
and chemical processes which occur when a solid under load possesses a crack. A physical picture is
presented of the role of plasticity. The basic question of ductile vs brittle response of the solid is
addressed and recent ideas and progress reviewed. Time dependence, and its manifestation in materials
fatigue are briefly described. The implications for NDE are on two levels: (1) new insight enerated by
fundamental advances in the science of materials reliability will lead to new NDE tools; and ?2) NDE tech-
niques can and should be applied to further the fundamental understanding of reliability.

INTRODUCTION
In the face of this complexity, our first task

The NDE community is closely attuned to the is to sort out the basic elements of the problem
problem of finding and characterizing the geometry and decide what are its fundamental aspects.
of flaws in a material, but is normally not involved
in the questions which concern the mechanisms by TABLE I
which a material will actually fail. These mechan- A Fracture Taxonomy
isms relate to how the stress is concentrated by a
flaw, and to the response of the material to the Material Fundamental
stress and the environment in which the material is Prototypes Factors Problems
immersed. Since it is never a good practice to
isolate one aspect of a total technical problem Brittle Plasticity Ductile vs
from another, this morning's session is designed to Fracture Brittle
summarize the current status of these other aspects
of materials failure. Ductile External & Crack Kinetics

Fracture Internal
A PHYSICAL OVERVIEW Chemistry

Atomic processes are crucial to an adequate Materials
understanding of fracture. In this lecture I will Structure
address some problems associated with the physical
and chemical events taking place at a crack tip Table I, I hope will be helpful as a kind of
where the atomic bonds rupture as the crack advances. roadmap in thinking about the subject. There are

two prototypes of fracture. The first is the clas-
On this most fundamental atom mechanistic sical brittle fracture in which bonds of the mate-

level, I know of few more complex sets of phenomena rial are progressively broken at a crack tip. The
than those involved in fracture. To be specific, a second is fully ductile failure in which the mate-
crack is an opening surface interacting with various rial simply fails by ductile instability. As strain
external and internal chemical environments pre- progresses locally, the cross-section of the speci-
sented to it. Our problem thus encompasses surface men decreases, which increases the stress progres-
science in both its physical and chemical aspects. sively until the last atom bond pops. On a local-
However, because a crack is difficult to get at, ized basis, ductile instability leads to hole growth
the powerful techniques which have recently been as depicted in the figures. Figures 1-8 show vari-
developed to study highly characterized surfaces ous aspects of ductile and brittle fracture.
are by and large not applicable to the study of
fracture. We shall thus have to begin again in the
development of more adequate tools to study fracture
on a fundamental level.

Second, the atomic structure of the region
surrounding the tip is important because the stress
at the tip depends upon the positions of these
atoms--that is to say whether they are in good
material or on a grain boundary containing impuri-
ties ar precipitates. Hence, fracture encompasses
those aspects of solid state physics dealing with
solid cohesion. Finally, deformation on a local
level and microstructure in the material is crucial,
because this determines whether the material is
relatively brittle or relatively ductile. Hence,
fracture contains most of materials science. Also,
all these aspects interact intimately with one
an~oth~er.
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Fig. 1

Brittle fracture of glass. This photo shows the
smooth cleavage characteristic of brittle fracture /

in the lower portion of the photo. The upper half
of the cleavage surface is termed "hackle" and is a
feature of a fast moving brittle crack. The origin . . 0

°  
.

of the fracture was at the bottom of the rod.

Fig. 4

Schematic view ut a pecimen in which fracture pro-
ceeds by hole growth. Holes are formed at precipi-
tate particles, and under stress, grow until

coalescence parts the material into two portions.

0 .,

Fig. 2

A truly brittle fracture in A110 3. In this thin

film specimen viewed by transmission electron
microscopy, a brittle crack has grown into the
material from the lower left, across the field of
view, and then receded to the middle of the picture.
Misfit dislocations are visible in the upper portion
where the crack has healed. The black bands at the Fig. 5

bottom are interference fringes across the open Hole growth in a thin mtal specimen. In this elec-

crack. (Courtesy of B. Hockey) tron microscope picture, the thin specimen nucleates

voids ahead of the advancing crack. The specimen

fails by coalescence of the voids. (See Ref. 1)

V.i h 0 D.,Nl FW .E lot* U

I,.' .,1

Fig. 3 Fig. 6

A partially brittle crack in Si. After the crack Schematic view of Fig. 5. (See Ref. 1)

grew to the middle of the field of view in this thin
film specimen, dislocations were formed around the
crack tip as shown. (Courtesy of B. Hockey)
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In the third column of Table 1, 1 have grouped
some major problem areas into "fundamental problems'.
The first is listed as the ductile vs brittle
response of a mtenal. In some ways, one can view
this as the fundamental roblem in fracture, beCaus.
ductile failure with high toughness is always the
must desired materials chdracteristic. The great

-surprises occur when the n,'terial becomes brittle
S " " because of external chemica' attack. I imply that

when this occurs the underlying fracture type changes
from hole growth to brittle. This change of inechan-
ism does not always coincide with the phenomenolugi-

Icdl transition from ductile to brittle behavior, but
is most dramatic when it does--an extreme example is
liquid metal embrittlement. I have also listed time
dependent fracture effects as fundamental problems
because they are kinetic effects, and are not gov-
erned by the type of thermodynamic considerations
which basically dictate static phenomena.

Table I paints the field of fracture with d
very broad brusi. None of the topics listed there

Fig. 7 represents a highly developed and satisfactory body

of fundamental knowledge. In the remainder of the
Fractograph of steel fracture surface showing highly lecture, I have time to delve only selectively intu
dimpled features characteristic of hole growth mode a few areas of special interest.
of f.c,

DUCTILE FRACTURE

Let us begin with a brief look at some asI~e t,
of the experimental situation in what is perhaps the
most important material--steel. Steel is hardly a
model material for sorting out the fundamental phe-
nomena in fractures, but it is certainly the most
intensively studied.2  n some very recent experiments,
Hirth and co-workers ' have shown how a crack

develops from a broad notch. See Figs. 9-12.

_N-h Ad P10

SEM fractoRraoh 1800

Fig. 8 
Fig. 9

sihe-'atic of experimental arrangement. The speL iicil
Fractograph of steel showing intergranular failure. possesses a round notch from which the crack gtow,
In this case, a brittle crack progressed through under binding stress. (See Refs. 2,3)
the metal along its grain boundaries.

In the second column of Table I, I have listed
the most important interactions with other ptenonena
both external to the material, and internal to it.
For example, a brittle crack may emit a dislocation.
and be blunted. A continuation of this process
would turn a brittle crack into a hole and the
brittle crack would disappear. Likewise, external
chemical attack at the crack tip may assist the bond
breaking process and cause fracture at lower stres-
ses. The interaction of a crack with internal
structure may be important as in the case of the
grain boundary, where the stress for fracture is
again lowered because of both chemical and struc-
tural lowering of the interfacial energy.
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A plastic zone develops around the notch, and then
a shear instability sets in along the lines coinci-
dent with the plastic zone characteristics. In this
region of very high localized strain, voids are
formed at pairs of hard precipitates where strain
incompatibilities are generated. The voids grow by
plastic deformation and link up along the shear band,
finally opening up into a crack. The effect of
hydrogen has been studied, and in soft steels the
same process takes place but at lower critical strain.
When hydrogen is injected at the notch surface of a
high strength steel, however, the whole process
changes abruptly. Now a sharp brittle crack initi-
ates at the surface, and grows in the classic fash-
ion into the interior. The action of the hydrogen
takes place either at the crack tip, or just inside,
near the tip. These experiments illustrate in a
beautiful fashion how the same material can exhibit

Fig. 10 both ductile and brittle fracture under different
circumstances, and it illustrates in a straight-

Ductile fracture follows the curved lines of strain forward way the important effects which external
characteristics around the notch. (See Refs. 2,3) environments can play.

There are, however, additional chemical effects
on fracture which are sufficiently general to be
mentioned. Hydrogen not only affects the threshold
for catastrophic fracture; it also causes cracks to
grow slowly under a steady stress, and it enhances
the fatigue failure of steel. Steady state slow
crack growth and cyclic fatigue are particularly
insidious from a practical point of view, because a
part may perform adequately for a long period of time,
and yet fail in service because of the undetected
growth of cracks to the critical size for sudden
failure.

Figure 13 shows the experimental results of
Simmons, Wei, and their co-workers on hydrogen in
steel. The observed stress dependence is character-
istic of all chemically assisted fracture. Also,

Fig. 11 STRESS iNTENSiTY FACTOR (kIi-,n')
Hole growth is observed to occur between closely '0 0 3C 40 50 60 70

spaced carbide particles in the matriA in the O06 j
general vicinity of high shear stress. (See Refs. L •

2,3) "• * 1

00

, 6-

• I.-

101

20 X 40 50 60 7

I • • .10' 1

Fig. 12 STRESS INTENSITY FACTOR (MPoi.m)

Brittle fracture proceeds normal to notch surface in Fig. 13
presence of hydrogen in high strength steel. (See
Refs. 2,3) Crack growth rate as a function of stress intensity

factor. (See Ref. 4)
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thermal fluctuations are important, and hydrogen including the external chemical Stmosphere. We
shows an activation energy of about 0.15 ev for shall assume that there are a series of local minima
crack growth in Stage I. Since hydrogen is almost in this space corresponding to successive atomic
jimediately adsorbed on clean iron surfaces, we can positions of the crack. The rate, v, with which
interpret the results as a direct interaction at the system transverses a saddle point from one mini-
the crack tip. Likewise, in dynamic fatigue shown mum to the next is given by a very simple expression,
in Fig. 14, hydrogen has an effect on fracture in

.. kT (J*)

.. h 7 (1) (1)

where Z is the partition sum of the entire system
including the external interdcting chemical environ-

. iment. If we assume that the external chemical
~.I environment is a gas of diatomic molecules, and that
*I .. i the material is a vibrating crystal lattiLo, these

'1 partition sums can be computed in principle. Slo
shall assume that when the gas interacts with the

... crystal, it adsorbs on the surface, and that at the
- ."saddle position, one gas molecule interacts with the

single breaking bond at the tip. With these assump-
tions, we can write a formal equation for the crack
growth rate. However, I shall not burden you with

Fig. 14 it. Rather, from this approach we can get some
interesting insight into the crack equilibrium con-

Crack growth in fatigue is dependent upon frequency dition. For a quiescent crack, we have equal for-
of stress cycle. (See Ref. 4) ward and reverse reaction notes, and

high strength steel. Again, the crack growth depends (forward) = (backward)
upon both the magnitude of the stress and the tem-
perature, although in this case the fundamental _ll.) =
chemical effects at the crack tip are more obscure
than for slow crack growth. Z () 7(11) (2)

CHEMICALLY ASSISTED FRACTURE so the intermediate states in I* cancel out. Since
the partition sums are simply related to the free

With this sketchy experimental background, let us energies, F, of the system, we have at equilibrium
now turn to theory, and attempt to build some models
which may help bring a measure of physical and F (1) = F (IT), (3)
chemical understanding to materials fracture. To
begin, we focus on the problems of chemical kinetics which is a thermodynamic statement one might almost
at a crack tip, and for the moment I will ignore the have written down without going through the kinetics.
role of plasticity. Consider the broadest possible We can carry through a transition to the macroscopic
picture of a crack which grows from one lattice quantities one would measure in the laboratory, ana
position to the next by chemical adsorption. Figure when this is done, we have the familiar relation
15 shows the configuration space of the entire system first derived by Griffith,

G = 2, (4)

where G is the crack extension force, and ) is the

$, surface energy.

The important interpretation of this result is
that the equilibrium crack is governed by thermody-
namics. We need to know nothing about the detailed

force laws of the solid atoms or the external chemi-
cal environment to find the stable crack length.
This crack length is governed solely by thermody-
namic variables such as the surface tension of the

y- Y2 solid, chemical potentials of the external gaseous
molecules, and the crack extension force. This 6
result was correctly stated by Griffith , by Petch

Y3 and more recently by Rice , but is still not prop-
erly understood in the fracture community.

'ig. 15 Chemical effects are universally thermally
activated processes, and we next inquire about

Configuration space of a cracked material under activated processes in fracture. You will not be
stress and in presence of external environment. surprised that I shall not get too realistic about
The successive local minima corresponds to crack such activation energies, but it is instructive to
growth by one atomic unit. develop qualitative models. for this purpose,

consider a two-dimensional array of atoms, Fig. 16.
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The chief conclusions from considerations such

F tF F F F -F F fF F F as these are: (1) the important chemical assistance
-to fracture conmes from direct interaction at the

crack tip; (2) activation energies appear to go as

(K - K )n (5)

where K is the stress intensity factor for the crack.
n takes values from about 1.5 to 2; (3) chemical

-- -bridging reactions at the crack tip are possible
CRACK and could have the effect of chemically strengthen-

-ing a material; (4) molecule size factors can be
-important in chemically assisted fracture; (5) as

in all surface chemistry reactions, chemical
-specificity will be important; and (6) chemically

assisted fracture will have a different (although
-often analogous) chemistry from plane surface

chemistry

THE ROLE OF PLASTICITY

Recently, three investigators have addressed
Fig. 16the effect of p~athiflty in brittle fracture in a

fundamental way ' ' . They have all made the
assumption that a brittle crack can coexist with a

Two-dimensional asurrounding cloud of deformation without blunting.
crack. Figure 18 shows that if the plastic strain surround-

Assum for the moment that the atoms are all connec- ing the crack tip is heterogeneous and limited, then

ted with linear springs. Then the solution for a
crack of length is as shown in Fig. 17. When the SLIPBANDS
crack is one atom spacing longer, Q+l, the compliance
is slightly lower, and the slope of the solution in
Fig. 17 is likewise lower. For a given length, as

ATOMICALLY SHARP

CRACK

\ / //

\ / / / +2
SNAPS\/ /

I 1/ o Fig. 18
/ / Schematic drawing of a sharp crack in heterogeneous

deformation field. The slip lines are visible on
the crack surfaces.

CRACK OPENINGCUNCTION a sharp crack will in fact not be blunted. One can

, \ LATTICE TRAPING '  
then solve the stress problem, Fig. 19, assuming

STESS REGION that the sharp brittle crack which we have just dis-
C IEN NOcussed sets the boundary condition for small distances.le CRACK HEALING FUNCTION

DISPLACEMENT \ *, SI~(

Fig. 17

Solution of two-dimensional array. Force is plotted
as a function of displacement of central atom pair. ,,' .
Since forces are linear, solution is a set of
straight lines, one for each length, i., of crack.

the stress is increased, the force on the bond at
the tip increases until it can no longer hold. The
bond breaks, and the solution snaps from one line
to the next in Fig. 17. But we can also get from
one line to the next by thermal fluctuations. Fig. 19

Simple expressions can be derived for the activation
energy for one dimensional models of cracks. Schematic view of the stress as a function of dis-

tance from a sharp crack embedded in a field of

plastic deformation.
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Some kind of continuum plastic region is formed in
the intermediate region, and at large distances from
the crack tip where the stress is below yield, an
elastic solution is valid. One can then derive
expressions in which the true surface energy of the
core crack is a driving term for the whole stress
distribution. One such expression predicts that the
overall stress intensity factor, K, of the fracture
is related to the intrinsic surface energy of the
system by

K - K (y, ay, V, n, n) (6)

where n is the work hardening exponent, a the yield
stress, P the modulus, and n the maximum density of
dislocations at the crack tip. This theory appears
to be consistent wit the hydrogen embrittlement of
high strength steels . The most important conclu-
sion of the work of these three investigators is
that a total theory of fracture is given which
encompasses a fracture criterion, which is a missing
ingredient in any continuum treatment. These theorieF
indicate how the small effects--energywise--which go
on at the crack tip of the brittle crack become mag-
nified by the shielding effect of the plastic zone.
In further work it will be necessary both to test
the range of validity of these ideas, and to give
them a more quantitative basis by means of the study
of the response of small regions under inhomogeneous
high stress. A fundamental understanding of how
brittle fracture can become ductile is yet to be
developed.

In summing up, from the fundamental physical
and chemical point of view, we can begin to see how
some of the basic fracture phenomena can be under-
stood in a semi-quantitative way, but this field is
characterized by much debate. A great deal of work
remains to be done on model systems in order to
sort out the elementary processes.
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SUMMARY DISCUSSION
(Robb Thomson)

George Herrmann (Stanford University): Just a point of information on relationship 3.
How do you obtain it?

Robb Thomsons One carries through, through the program I just described. The problem
is broken into three parts. The inner part consists of a brittle crack, perhaps
even in a discrete lattice, there might also be chemistry affecting the crack tip.
Then a cutoff radius is defined separating the inner region from the next,
intermediate, region described by continuum plasticity. I really don't know
how to do that, but results of experiments may eventually help. Of course, this
difficulty brings up the whole question of whether the crack tip is blunted by
the deformation or not. So, the intermediate region is easy, and the solution
for it has been contained in the literature for some time. You can find it, for
example, in Rice's article in the Fracture Treatise, Vol. II, even including
work hardening. Finally, the third region is the linear region, that portion of
the material where the stress is below the yield stress. When these three regions
are pasted together, self-consistently, a fracture criterion can be derived.

George Herrmanns From which you derive this expression:

Robb Thomson Yes. I must say, however, that several people have been deriving
fracture criteria for quasi-ductile fracture from slightly different points of view.
In addition to the one I have outlined, Wertman, Howard, and Hart have derived
such expressions.

Don Thompson (Science Center): I was wondering, when you go through your models and
discussion as you have, could you prioritize the properties that one could measure
to give an early indication of impending crack growth?

Robb Thomson: You are bringing me down to earth. Well, that's actually going to be
the subject of much of the latter part of the morning. it involves a study of
the range of slow-crack growth. It involves a study of the threshold values for
crack growth; all this is from the empirical point of view. And, of course,
it involves a vast amount of study of the understanding of these things. The
deeper understanding of fracture is what I have been talking about here.
Although, I have tried to indicate where some progress in fundamentals is being
made, this understanding has not reached a very complete stage yet in terms of
th material factors that govern fracture threshold values and the crack growth
values. And, as I indicated, there is a great deal of complexity that goes into
the chemistry of the surface and the crack tip regions and the substructure at
the crack tip. So, we are a long way from being able to have a very close
relationship between the problems you want solved and fundamental understanding.

Unidentified Speaker: Simply a comment on your point 3 to which George Herrmann
reacted. That point was made in 1963 by Bertram Grover, namely, the shielding
of the plasticity onto the crack tip, and the fact that the intrinsic fracture
energy may play a much more important role than has been believed so far. As a
matter of fact, I think it was Orowan who suggested that plasticity and intrinsic
fracture energy be additive quantities in the fracture process. It turns out in
other dissipated materials, such as visco-elastic materials can show very clearly
both analytically and experimentally that the two are not additivel they are
multiplitive. So, if you make the intrinsic fracture energy zero, you have no
strength, as it should be, ane you cannot derive simply from plasticity strength.
And what the dissipated characteristic does, it modifies the intrinsic fracture
energy of the material. So, if you play around with the intrinsic fracture energy
of the material, keeping the plasticity aspect, displacing it changes the strength
of the material.

Robb Thomson: I couldn't have said it better.

Jim Rose (University of Michigan), What are the physical mechanisms that would lead
to the shear crack tip:

Robb Thomsont Well, that's the question which I neither had time to discuss: nor does
anybody know much about it. I view ductile fracture and brittle fracture as a
competition between two completely different mechanisms. One is a completely
plastic process. The other is true fracture, where atoms are pulled apart at a
sharp crack tip. The factors which govern how one process overwhelms the other
constitutes the fundamental problem which I listed in the begining of my lecture.
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SUBCRITICAL CRACK GROWTH AND ITS RELATION
TO PREDICTIVE ANALYSIS

H. L. Marcus
The University of Texas at Austin

Austin, Texas 78712

ABSTRACT

This talk will discuss the relationships between subcritical crack growth and the nature of the
loading, the environment under which the loading takes place and the type of material tested, and how
this data is used in predictive analysis. Loading conditions will include sustained loading as well as
constant and variable amplitude cyclic loading. The environments will include vacuum as a baseline
environment and both gaseous and liquid aggressive environments. The comparison between crack growth
behavior in brittle and ductile materials will also be made.

The data will be discussed from the viewpoint of reproducibility and reliability for use in pre-
dictive analysis.

INTRODUCTION Stress Corrosion Crack Growth

The question may be asked as to why should a Stress corrosir.n crack growth occurs for many
talk on subcritical crack growth be included in a materials under many environments. Examples are
meeting on quantitative NDE. The answer may be aluminum alloys in salt water, titanium alloys in
best answered by an experience I have just had on salt water or methanolic solutions, and steels in
my trip to this meeting. I found the battery in aqueous solution or hydrogen on hydrogen sulfide
my minimotorhome hanging out of the bottom of the gas. There are a great many combinations of micro-
vehicle. On closer inspection I found a nine-inch structure of the material and the environment that
crack across one side of a nine-inch wide support can lead to stress corrosion cracking. An example
plate and a combination of a three-inch and four- of how the stress corrosion crack growth behavior
inch crack on the other side. Of course the nine- is characterized is given in Figure I for a titan-
inch crack explained why the battery was hanging ium alloy loaded in a methanolic solution. The
loose. But in regard to the '-nic of this talk, experiment is to monitor crack growth as a function
it was obvious that insuf,ic inspection, com- 20
bined with the cyclically .ced fatigue crack MATERIAL T,-15No-45S-6ZL9-M)
growth led to the premature failure. Even if the SOLUTION MfTHAN0 .008 D.wo '

inspection was made initially to be able to decide 03% 20
when failure would occur, it requires a detailed PT[&IS 3 o '20
understanding of how the crack would propagate 5- *0,N
in a specific material under the loading and envir- 0 , ON ,'
onmental conditions to which it is exposed. This 1 0000,N /
paper will try to give a general idea of what can /
be expected, including some of our recent efforts
on load history effects. It is obvious that only o /

a small segment of the topic can be discussed, so /
the reader is referred to some of jhgrecent /
texts on the subject for details.- /

SUBCRITICAL CRACK GROWTH 105

Subcritical crack growth can be separated
into two types. The first is sustained loading
where the load is applied to a material with a
particular microstructure containing a flaw or 0 40 60 80
crack exposed to a given environment. This is STRESS IN'ENSITY

usually described as a stress corrosion crack Fig, 1 Stress Corrosion Crack Velocity for
growth phenomena. The second is where the flaw Ti alloy in Methanolic Solution
containing material of the given microstructure

i exposed to an environment under a cyclic load-
I,- (ondition. This is usually referred to as of the Applied stress intensity, K =o ' ,

--nsion fatigue crack growt. In general, a where a is the remotely applied static stress,
.,,,,,,rp is exposed to both sustained and 7 is the geometric parameter and a the crack

* "adinq and both types of crack growth length. What is normally observed is a value of
'.- "e' K defined as KISCC below which no crack growth

occurs, a region where crack growth is
virtually K-independent, and a region of fast
crack growth when K approaches a critical value
which is the fracture toughness of the material.
This is shown schematically in Figure 2.

167



To account for the stress corrosion crack
growth behavior in determininq the life of a struc-
ture after an initial flaw size is determined by
quantitative NDE, you just integrate the crack ?AI1hE

growth rate over the time of exposure in the sus-
tained load and environment to establish when A CPACK OF ZLN-?. ESTA LSHE
failure is expected. For example, if a structure 

O

S ., FATIGUE C.SACK 3FOWTIe

dc/A IINITIATION
da/dlI

(CRACK VELOCI )I

ii II II Fig. 3 S-N curve separated into crack-
initiation and crack-propagation regimes.

ISCC KQ

K (MES~S INTENSITY)

cycle as a function of the cyclic stress intensity,
AK, under constant amplitude loading. This is

shown in Figure 2(b) for the case where A K =
I K -K and K C. Comparison of Figure 2(a)

max mi mi and Figure 2(b) shows some
2 1 interesting effects. KT(r is at a stress intensity

Sfactor greaer than te eshold stress intensity,

d,/d AGGRSSIVE - K , the stress intensity below which no fatioue
INERT Icck growth is obsered. Although no sustained

(CRACK GROWh .- load crack growth effect of environment is seenbelow K there is an environmental effect under

I IbI
cyclic loading below that value. The envir-

(b) II onmental effect is also influenced by the cyclic

In1Q frequency, another loading variable, as shown
(CYCLIC sRs INTsITY MAXmD4) schematically for two loading frequencies f greater

than f In general the higher the frequenc the
less t~e environmental effect after some minimum

Fig. 2 (a) Schematic of stress-corrosion behavior frequency. In many cases, such as in aluminum

(b) Schematic of environmental influence alloys, the failure mode will change such that it

on fatigue-crack growth for R = 0, is intergranular in stress corrosion, with both

Kmax = K. da/dt and K very microstructure-dependent and
ax transgranul n corrosion fatigue crack growth
with very limited microstructural dependence. In

containing the titanium alloy was loaded at 40 Ksi Figure 2(b) the inert environmental fatigue crack

V(Tn for two days in 0.01 N NaCl, the crack growth rate is determined in either vacuum or pure

would have grown about 50 cm. This is obviously inert gases.

a very intense material-load-environmental con-
dition. The obvious problem in designing to stress A modification of the environment can

corrosion cracking is that a large amount of data greatly change the fatigue crack growth rate.

is required to make the predictive analysis. The Figure 4 shows the influence of mixing gases with

particular material-load-environment of interest hydrogen on the fatigue crack growth rate of an

must be evaluated. A514B steel for fixed microstructure and loading
conditions. Pure hydrogen has a factor of about

Fatigue Crack Growth ten greater growth than vacuum, and mixed gases
have varying effects on the crack growth rate

The second type of loading involves the appli- observed in pure hydrogen. Similar effects have

cation of cyclic loads. This type of behavior is been noticed on nickel base alloys. Here again,

characterized experimentally in two ways. The a fracture mode change can be observed. It is

first involves not only the crack growth under very common for intergranular failure to be

cyclic loading, but the initiation of the propa- associated with the hydrogen embrittlement, for

gating crack. This is shown in Figure 3, where a both sustained and cyclic loading con(itions.

cyclic stress, S, is plotted against a number of H S as a gas or in aqueous solution snows a much

cycles to failure. This plot could be considered higher growth rate than pure hydrogen.

to be separated into the two regions. The first
is when a crack of NDE detectable size, a , is There is a great deal of scatter associ-
established and the second,the fatigue crsck ated with both types of subcritical crack growth.
growth region where the crack propagates to fail- Figure 5 shows an example of the scatter associ-
ure. This latter region, which is of most inter- ated with a round-robin test where the steel used
est in this talk, is generally characterized by a was identical. The laboratory-to-laboratory
plot of da/dN, which is the crack growth per scatter was about a factor of three. Which line
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0.40

0. .3

0.0

(ao=NDE LIMIT)

0.1 CYCLFS
(BLOCKS)

Fia. 6 Schematic of crack growth from the
.0 . 0 NDE limit a to the critical value

... a for sev
8
ral models of fatigue

oN o o cr growth rate.

closure models. Both explanations rest on the

Fig. 4 The fatigue-crack propagation of ASTM fact that the prior non-uniform loading history

A514B steel in various gaseous must be taken into account. The crack closure

environments, model implies extra material is present on the

surface of the crack which touches befure the load

is reduced to the minimum. This touching of the

surfaces then eliminates the angularity at the

crack tip and reduces the range in stress inten-

sity, dK, to one that is an effective range in

stress intensity, AK defined as K -

Kclosure' We have recetly documented
m 

at at

least part of the extra material on the

surface is from the formation of an oxide.

da 3x
dN 

3

The crack growth is then modeled based on
ASTM one of the models and since the AK is reduced to

ROUND ROBIN AKeff the predicted lifetime is extended. This

10 NiSTEEL is also shown in Figure 6.

Another factor in load history is shown on

Figure 6. This is the influence of an underload
AK on the predictive behavior. An underload will

reduce the lifetime by lowering the crack closure

leoid on the residual stress, which increases

Fig. 5 Schematic of fatigue crack growth in AK eff. Another factor we have recently studied

10 Ni steel showinq scatter for round- is the influence of hold time at an underload

robin testing. on the subsequent growth rate. What is observed
in the 2000 and 7000 series aluminum alloys is

that there is relaxation process that further

to use in design is a constant problem in terms of reduces the closure Toad, again increasing

how conservative to be. AKf; and shortening the lifetime. This is also
sIow n Figure 6. The significant problem

Designing for a defined lifetime using introduced by this result is how do you do

fatigue crack growth data is similar to that dis- laboratory tests in reasonable times and extrapolate

cussed earlier for sustained load crack growth. them to the real time usaae that a structure

The first approximation is a linear superposition undergoes.

of the constant amplitude da/dN data for each of

the variable loads associated with a design load-

ing spectrum. This is just the integration of the

loading histrry combined with accounting for the

continuing crack growth. The result is a crack

length versus number of cycles or blocks ot cycles

as shown in Figure 6.

In general, the linear superposition model

predicts a lifetime lower than that actually

experimentally observed. This has been explained

in terms of residual stresses at the tip or crack
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SUMMARY

In this paper I have tried to review the
state of subcritical crack growth. Subcritical
crack growth under either sustained or cyclic
loading must be understood before the criticality
of a quantitatively NDE determined flaw can be
determined. It is the key link that merges the
NDE crack length, a , and the fracture mechanic
critical crack length, acr.
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SUMMARY DISCUSSION
(H. Marcus)

George Gruber (Southwest Research Institute), Davidson's laboratory received a fatigue
crack specimen from the Electric I-ower Research Institute, and they closed it.
I looked at it before closing and after closing ultrasonically. I have that
specimen with me today, and I will bring it in tomorrow for my talk. I have
been able to measure the fracture from the crack tip even when it was as closed
as I could close it. The key to it is to get off normal and come at an oblique
incidence of about 30 degrees, and there you see it. You made a statement I
thought I should reply to that we can at times determine the crack tip, the
length of the crack even if it has been already closed.

Harris Marcuss I'm sure there isn't a hundred percent transmission through the totally
closed crack, and as you get better and better into the signal-to-noise, as you
are doing, you will be able to bring it out.

George Gruber, You can monitor either growth or shrinkage of the crack, so to speak,
even if it's very closed. You will get an ultrasonic signal if you get off the
normal to the crack.

Harris Marcus, I'm not sure what you mean by shrinkage.

George Gruber, Closing.

Harris Marcus. You are monitoring the section that is closed.

Gordon Kino (Stanford University), Perhaps what we are saying is if you come at an
angle to a crack, you can see the crack tip from time delay, but amplitude
measurements are unreliable.

Harris Marcuss Good. That is what I think the whole name of the game is within this
group, how to get at them when they are simple transmissional type of work that
I have been using. The thing you have to recognize is that little signal is
really the one you want if you want to measure the true crack, not the big one.

George Gruber, If you come on normal, the little signal gets swamped by reflective
waves.

171



ELASTIC PLASTIC CRACK MECHANICS

J. R. Rice
Division of Engineering

Brown University
Providence, Rhode Island 02912

ABSTRACT

Recent developments-in elastic plastic fracture mechanics are reviewed. These include the
J-integral and its application, as well as recent work on predicting the crack surface opening
profile and criterion for continuing quasi-stable crack growth for ductile solids.
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SUMMARY DISCUSSION
(J. Rice)

Brian Defacio (Ames Laboratory): I would like to know if in your paper the theory
is based upon (inaudible).

Jim Rices The theory is based on this rate independent model. You can, in fact, do
analogous things for strong idealizations of great dependent materials like, say,
nonlinear viscous materials. But if you try to get very fancy about constitutive
relations, you quickly lose any kind of path-dependent integrals. The thing is.
no one really believes materials behave that way. As long as, in Eshelby's
terms, if we don't call the material's bluff -- or I guess it's the opposite if
the material doesn't call our bluff, it's a simple approach which lets you attack
very complex problems. So, why not use it.

Tom Collins (Air Force), When you start putting this "R" in there, you lost me. How
does R vary from material to material? Can you relate that to some material
characteristic?

Jim Rice, We think the R is simply an indication of the plastic zone size, so in fact
it's something that you have calculated. It's a function of J. Complications
come in only when you go to fully plastic geometries in cases where you have con-
tained plasticity. We have at present a fair idea of how that parameter varies
with J. Is that what you meant by R? Or did you mean the resistance curve itself?

Tom Collins, Why you related it. You have to be very careful on something like that.
It's just an adjustable parameter. And so often in this game you begin to develop
sight simulations, and the more you do it the more you believe it's the correct
thing.

Jim Rice, I'm not sure we are making contact here. The R I introduced --

Tom Collins, This is capital R.

Jim Rice: Capital R is just part of the continuum mechanical solution. So, there is
nothing in there. The thing to iorry about is the crack growth criterion itself.
Based on that requirement that i a certain sense the crack ought to look similar
near the tip as it grows. Maybe there is no good reason for that. Especially
if you consider cases where the plastic zone size at the start of the growth might
be enormously different, very much smaller than that after a lot of growth.
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MICROCRACK INITIATION AND GROWTH

W.L. Morris and M.R. James
Rockwell International Science Center

Thousand Oaks, California 91360

ABSTRACT

A Monte Carlo simulation technique to predict the mean and scatter in fatigue lifetime of certain
2000 and 7000 series aluminum alloys is described. The method is based upon models of surface iicrbcrack
nucleation and early growth, which comprise the initiation phase of the fatigue failure process. The
experimental basis for the models is discussed, and examples of predicted numbers and lengths of micro-
cracks developed during fatigue of A 2219-T851 are compared with experiments. Scatter in lifetime and
mean lifetime predictions are also discussed. These are obtained from repeated running of the fatigue
simulation, for which scatter in lifetime results fron the effect of local microscopic variations in
alloy microstructure on the time of crack initiation. The association of the method with a "retirement
for cause' philosophy is noted.

INTRODUCTION Our general approach to lifetime prediction re-
lies on t Monte Carlo simulation of microcrdck ini-

For many structural applications, the fatigue tiation. To illustrate the nature of fatigue
lifetime of a metallic component is dominated by crack initlation in the alloys of interest, we re-
the crack initiation phase of the fatigue failure fer to scanning electron micrographs of surface
process. This is particularly true for components cracks in a polished, then fatigued, speciimen of
in "fail safe" usage, but applies to a significant A 2219-T851 (Fig. I). The alloy surface is a pro-
number of "safe life" designs as well - for which ferred site fur cracking due to d reduc:ion of the
the intent is to inspect components during service ,,,
with sufficient frequency to remove damaged compon-
ents before catastrophic failure. The large scat-
ter in fatigue lifetime common to the crack initi-
ation stage of fatigue failure presents a problem,
both in the design and in the inspection of such
components. In design, performance/cost considera-
tions may dictate less conservative designs and a
key design decision then hinges upon prediction of
the effect of reduced design safety margin on early
component failure. With respect to NDE, micro-
cracking in the initiation stage is a challenge to
detect, and the time of transition fron initiation,
to macroscopic cracking, to failure can be abrupt c .
and sensitive to the statistics of the failure pro-
cess. Conventional design practice is reasonably J6
well equipped to specify component performance near
the mean component lifetime. An approach is AK
needed, however, to reliably predict the probabil-
ity of infrequent early component failures.

Component fatigue lifetime may be sensitive to
alloy surface condition, to residual stresses in-
duced in manufacture Tni modified in use, and to
alloy microstructure. In principle, at least, L i
surface condition. and residual stresses introduce Fig. I Micrographs of Surface Microcracks in Al
scatter in lifetime only if they are uncharacter- 2219-T851. Crack at drrow In (a) is
ized. In contrast, the effect of the statistics of 0.015 in. in length. Initiation phase
the microscopic failure mechanisms on lifetime is occurs in crack size regime enclosed
inherently statistical in nature and must be dealt approxirmately by box (b), with crdck
with in that vein. Reported here are the initial lengths on the order of grain size amid
results of a technique to predict the scatter in less. Nucleation is principally at inter-
lifetimes which arises from the statistical nature metallic particles as in (c).
of the microscopic fatigue failure process of cer-
tain aluminum alloys. It is hoped that, in the bulk constraint of deformation at the surface. The
future, the method may serve as a model for similar speci(en is under a large tensile load to make the
prediction procedures for other structural alloys, cracks more visible. The crack at the arrow in

In the longer term, our concept is to integrate the Fig. la is 0.015 in. in length. This is sufficien-
lifetime prediction procedure with a contemporary tly long for subsequent propagation of the crack to

computer aided design facility so that a designer be predicted using conventional fracture wechanics,
can obtain "real time" predictions of the fatigue were it not for the additional coiplexity of the
performance of a component during the design prospect of multiple crack coalescence. The further
process. magnified region in fig. lb contains several cracks
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of approximately one grain size in length. It is can be obtained. This provides simulation data fur

such cracks which comprise the initiation phase of ;lent. Such data also define the nature of cracking

fatigue failure. Nucleation in this alloy coiinonly distributions which ilust be detected by NUE iethods
occurs by fracture of intenaetallic particles at or to determine the state of fatigue of a cupciient at
near the surface as the case illustrated in that point.
Fig. ic. By definition, initiation ends with the
formation of a iacrocrack of sufficient size that INITIATION MOOELS AND :41CROSCOPIC
its subsequent propagation rate can be estimaated COMPARISONS OF SIMULATION TO LXPERIMLIT
with conventional fracture mechanics. During
initiation, rates of nicrocrack nucleation arid The ilodels used to predict microscopic nuclea-
growth are highly sensitive to the alloy licro- tion and early growth behavior are briefly des-

structure in the region of a microcrack site. cribed. Independent tests of the h-odels are also
Scatter in the time of initiation reflects the shown, along with selected comiparisons of micro-
statistics of nucleation and growth as determined cracking parameters obtained experimentally and by
by the possible distribution in wicrostructure simulation. With respect to crack coalescence, our
which can occur in regions in a component vulner- simulation employs a rather simiple view of the pro-
able to crack initiation. Naturally, the initia- cess. It considers only coalescence of cracks lo-
tion events illustrated in Fig. lb have occurred cated initially, either in neighboring grains or
much too late to have any appreciable effect on separated by no more than toe intervening grain.
lifetime. It was similar events early in the for- Our rationale is that coalescence of more widely
imdation of the 0.015 in. crack which were a princ- spread cracks comes too late in the initition pro-
iple factor in determining fatigue life. cess to have any substantial effect on lifetime.

Additionally, we assume that the presence of one
Fatigue lifetime for the alloys of interest may microcrack does not effect the propagation of

be predicted using a Monte Carlo simulation of another until their tips are in a conmion grain.
crack nucleation, early growth and coalescence. There is some experiuental evidence to support such
The com;putation scheme is illustrated in Fig. 2. a m odel, as is discussed below for propagation of

isolated cracks. The key factor is that the plas-
SC794392 Lic deforimation at a microcrack tip is substan-

tially confined inside the grain containing the
Library Environment Compn imicrocrack for a wide range in grain sizes and
Material microstructure Local loads design crack lengths.

Local orientation
Humidity Nucleation. A dislocaion based model has been pru-

posed by Chang et al. which relates the rate uf
cracking of intermetallic particles during fatigue

Fatigue to the accuoilated strain energy density at a po-
failure tential nucleation site. A two sLep process is
sati identified: I) fracture of the interi,etallic; I)

apropagation of the crack into the maatrix. Each

process is described by its owl rate equation.
With reference to Fig. 3 fur micruscopic nomen-

Mean& Microscr" Cloture, the earliest number of cycles N, at which

scatter in predictions.

Fig. 2 Schematic illustration of steps in com-
puter simulation of alloy fatigue failure.

A finite eleqent analysis is used to identify
regions in a tentative component design vulnerable
to fatigue, and to calculate the distribution of

surface stress in those areas. All additional input Fig. 3 Alloy surface section illustratinj def-
to the calculation is the material orientation and inition of intenretallic width (W) and slip
"average" microstructure in the vulnerable areas. distance (D) paraimleters.
Microstructure includes the distribution in grain
and intermietallic particle sizes in the aterial, cracking of an intenietallic can take place is
relative to the surface stress axis. The fatigue given by,
model combines a Monte Carlo simulation of initia-
tion with a conventional fracture ~echanics calcu- N1 z Co/DW

3
(teff-'o)

2  
(1)

lation of lifetime spent in propagation of a wacro-
crack to a critical size. By repeated running of ubsequent cracking into the imatrix can occur no
the simulation, we obtain the scatter and mean in earlier than
fatigue lifetime. At intennediate points in the
lifetime of arm individual specimen, a prediction of Nl[ 2 Co'/D/(ieff-1t)

2  
(i)

the nuibers ind lengths of the surface m;iicrucrdcks
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Co ,CO' and TO are iaaterial constants. D is the The derivative of the curves in Fig. 4 give,
i-iaAi'iU1. slip distance at 45' to the stress axis ini naturally, the corresponding average rates at which
the grain containing the interilleta~l Iic. W is tile intermietdl 1ics fracture with fatigue. By random
intermetallic width fuloa to the stress axis. selection, these are used to choose the cycles 1,ff is San effective surface shear stress which is of each nucleation event. Di and W values are thien
C alclated frcon the grain's crystallographic orien- selected, consistent with constraints of the rate
tation and external load, and accounts for the ef- equation, and N 11 is calculated. Figure 5 shows a
fect of grain orientation on the propensity for coidparison between weasured values of I) vs. W, and
slip.

The predicted trend is, therefore, for nuclea- --- F T T T
tion to occur first in the largest grains (large D) a0iF----11--7
at tile largest intermjetallics, and to proceed to Iia
SI.iller 0,11 with increasing fatigue. This behavior -32,--

is iliodified, however, by the crystal lographic oni 0
entatioi Of tile grains which can lead to instances 1 0 0S
of early nucleation at si;iall LI,W sites for favor- I4 ~
aole jrain Orientations. 240

To clculte a aveagenuclatio rat, iti I0 -
0

necessary to integrate over all possible D and W :z~ - 4
cowbinations which can occur as deteriined by the A
probability distribution of these quantities for 0C
tile alloy microstructure. Results of such a calcu- LON[R 1
dati On a re shown in F ig. 4. Plotted are the nui.iber r- BOUND _Q --

0L----- I 1 1
0 40 80 120 160 M()

.13--- ---- SC 79 5048 St 511 1STANCE, Pm

4 
0 9 1

YIELD - 2

00

aa a 0 0
0 130

0

2 I
2 3 7 9 so ofuiesloed o siwu atd vlue

FATIUE VCLS of0, prduci njcrakin ino th oan i fo
00AlE S~1 T %PC fo 30 faiu cylswth3iu

Fig.3 4 C5 6f 7csue (Ots to peited0j stes aoiipl itud of 90% ofe to yild e stre ueth

(II ies) nuiober/co of intero-etaill1ics fractured by Dashed lower bound of experimental data (Top4) 5s
fatigue of Al 2219-T851 for four widelu. Cyclic is ootained froo the siiijlation (botto!;i).
stress aiplitudes (fractions of tile yield
strength, aoyield) for fully reversed loading. Values Obtained froii simulation for the step 11

nucleatioi process for a selected set of fati-jue
of brO~ n interuetall ics as a function of iiuinber of cycles and cyclic stress ailpl itude. Ldhla datU111 for
fati-guL cycles. (Thus, the figure describes the both cases corresponds to all individual nuLcleatION
step I nucleation process.) Data are shown for event. The dashed lower bound to 0 vs. W oii the
four cyclic stress aiup] itudes for a Al 22194T851 experiwental data is obtained fromi the Silaltionl.
alloy. Fatijue was teruuinated when the largest Scatter behind tne lower bound in the simulal Ion,
oiicrocrack reachled approxim~ately 4001i. The sol id and uy iiiference in the expericient, results frooi
curves are frii the coidputer $41ioul tio, the dots the distribution in crystldlographic orielitatioiis
aire experimiental points. Several features should of the -grains.
lie noticed. Cyclic aipl itode effects crack dens ity
by] several orders Of 1oaynitude. Nucleation begins M' Pr to.Mcrocrack closure stress is the
ar ly i n t le s pec i iten I i fet iie even for the sia - ~ oT edtr inI control I m g the rate of inicro-

lest stress a13pl itude. The decreasing rate Of iiuc- crack growth in the dlumi iluiai alloys of interest. 71
leatiori With fatigue for the small stress ai.ipl i- In the presence of crack tipl closure, strir at the
tudeS is attributed to a cyclic hardening of the crack tip iniduced on a tensile lOading cycle is not
surface. This is strictly a near surface effect co,.pletely reversed on unloading and the resulting
which disappears in dry air, rate Of propalgation caii be described by
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dc.= A(Keff)m (3) SC79-3372

AKeff ' a0ax-acc-

A and m are material constants. The effective
stress intensity range, AKff, includes only that
portion of the fatigue cycfefor which the crack is
open to the tip (i.e., for the maximum cyclic
stres a x , minus the crack closure stress,acc).* 10Te crack closure stress is found to be
highly sensitive to the location of the crack tip

relative to the grain boundaries. The plastic zone
size at a surface microcrack tip is not determined
by continuum constraints, but is instead princip-
ally determined by the distance of the crack tip to
the next grain boundary. The majority of plastic
slip is not continuous across a grain boundary and
hence, most deformation accumulates from within the
grain itself. If the slip distance within the
grain is large, the residual tensile strain devel-
oped at the crack tip is also large, and the crack
closure stress is correspondingly large. An empir-
ical expression which relates distance of a crack
tip to grain boundary to ac allows one to estimate
cc fron the instantaneous cocation o .a microcrack
reiative to the alloy microstructure. Thus,

acc/Omax = 2Zo/2c . (4)

a is a material constant which is a function of
relative humidity, but is approximately unity.
With reference to Fig. 6, Z is the distance of a
crack tip to the grain boundary and 2c is crack
length. Of course, if ac/amax>1, no propagation
of tensile opening (Mode I) cracks can occur. With
the initial condition 2c = W, it therefore results
that only cracks located so that, at least for one
tip, Z0<2c will propagation occur. Consequently,
most fractured intermetallics never lead to propa-
gation into the matrix as amax/occ exceeds unity at
both surface tips. The rare exceptions which re-
sult in propagation are intermetallics located near
grain boundaries with a succession of small grains
beyond. Propagation begins and continues in the
direction of maximumn constraint of the plastic zone Fig. 6 Surface microcrack showing definition of
size (i.e., small Z0 ). An alternate mode of nomenclature for crack length (2c) and dis-
propagation occasionally observed in the alloys of tance to next grain boundary Zo .
interest is for propagation from an intermetallic
to proceed by a shear mode, which is unaffected by is chosen at randon from the measured grain size
tensile closure. Ultimately, this process must distribution for the alloy. An example comparison
also be modeled. Currently, it is deemed suffi- between simulated and measured lengths of micro-
ciently rare to be handled in a empirical way by cracks with sizes less than 200pm is shown in
assigning smaller e values to a fraction of the Fig. 8. Agreement between experiment and
microcrack on a random basis. simulation is relatively good.

To illustrate the success of the closure model- PREDICTION OF FATIGUE LIFETIME
ing of growth of cracks of approximately the grain
size, we compare measured microcrack propagation The nature of the scatter in lifetime of a
rates to AKef4 for Al 2219-T851. In Fig. 7. the component is sensitive to both to the cyclic stress
AKeff values fiave been determined experimentally by amplitude and to the surface area at that ampli-
measuring acc directly at the surface crack tips. tude. If the total number of cracks developed over
The data are taken near the threshold of propaga- the course of a typical lifetime are small, then
tion for AK and, hence, no correlation been dc/dN the statistics of crack nucleation can be expected
and AK is found. Conversely, the AK^e model pro- to dominate lifetime scatter. As crack numbers
vides a good description of microcrac growth rate. increase, with increased stress or increased area,

the statistics of the early crack growth phase be-
The distribution of lengths of surface micro- comes relatively inure important. For very large

cracks at any point in the fatigue life is also numbers of cracks, crack coalescence becomes an
obtained by Monte Carlo methods. The nucleation additional statistical factor. If one were to pre-
and early growth of each crack is simulated, and pare two smooth bar specimens of the samie diameter,
the sizes of the grains in the region of each crack but with different lengths, the shorter bar (with
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SUMMARY DISCUSSION
(Fred Mcrris)

Michael Resch (Stanford University): I would like to know what experimental techni-
ques you use to measure your crack growth rates at the very low K effective
for the small surface cracks.

Fred Morris: All the measurements were done with a scanning electron microscope.
The specimens were fatigued in air and then transferred to the microscope at
500 cycle increments. Crack length measurements were done with the specimen
under load so we could see the cracks. It's tedious, but that's the only way
I know to do it with any degree of accuracy.

Michael Resch: What size were the cracks?

Fred Morris: The crack lengths were in the range of five microns to 150 microns.

Phil Hodges (Rockwell, Los Angeles Division): it looks to me like you have very
excellent data base for using acoustic emission for low cracking density to
verify the number of fractures. Have you thought of that?

Fred Morris: Yes. Acoustic emission is, of course, one way to observe the brittle
fracture of the individual intermetallic particles. Lloyd Graham, at the
Science Center, has done some of that research several years ago. The other
nice thing about being able to predict crack densities is that there is now
available a surface technique using harmonic waves to count cracks. Otto Buck
is going to be talking about that tomorrow.

Mark Weinberg (U.S. Army RADCOM): I'm kind of an outsider in this R&D community.
I'm more concerned with applications. I would like a clarification of what yo-j
mean by crack closure. I can understand forces tending to keep cracks closed
or from propagating. Do you mean by crack closure that there is a tendency tc
actually heal the material?

Fred Morris: I'm using the same definition used by Harris Marcus this morning. What
happens with a crack that's very near the surface, that's in a plain stress
condition, is that as you load it up to a maximum external surface stress,
excess material is drawn into the region of the plastic zcne near the crack tip.
As you release the external stress the crack tip starts to close down on itself
before the external stress reaches zero. The stress at which the first closure
begins, we call the closure stress. The effect of having a positive closure
stress is to reduce the plastic deformation per cycle during fatigue, and the
altered crack propagation rate can be calculated. It's only an approximate
technique because the crack closure stress and the crack opening stress are noct
exactly the same. But it's the best we can presently do.

Robb Thomson: Thank you very much.
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J-INTEGRAL ELASTIC-PLASTIC FRACTURE MECHANICS
TECHNOLOGY IN THE U. S. NAVY

J. P. Gudas
David W. Taylor Naval Ship R&D Center

J. A. Joyce
United States Navy Academy

H. H. Vanderveldt
Naval Sea Systems Command

ABSTRACT

The United States Navy has historically been interested in the development of fracture safe
materials for ship construction, and in developing fracture mechanics criteria for design consider-
ations. Recently, a substantial research effort has been directed to the development of J-Integral
technology. The purpose of this presentation is to review recent Navy advances in this area. The
main points will include a discussion of the applicability of the J-Integral to fracture in ductile
materials, the development of test procedures for , recent results in the areas of J-controlled
crack growth, dynamic J-Integral properties, and instability criteria based on the JI versus crack
growth resistance curve.
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TURBINE DISK RETIREMENT-FOR-CAUSE: MEASUREMENT OF INSPECTION
UNCERTAINTY FOR DISK EDDY CURRENT INSPECTIONS

C. A. Rau, Jr., S. W. Hopkins, J. W. Eischen and D. E. Allison
Failure Analysis Associates
Palo Alto, California 94304

ABSTRACT

Major cost savings are possible through life extension of high-cost jet engine components until
damage develops. Retirement-for-cause (RFC) decisions will be based upon both non-destructive inspection
(NDI) to detect and size defects, and engineering analysis to assess defect severity under future usage.
Failure Analysis Associates is performing a three-year program for ARPA/AFML to define and verify an
optimum RFC strategy for jet engine disks. In depth, quantitative characterization of NDI performance
is a major part of this project. This presentation summarizes the quantitative evaluation of inspec-
tion (NDI) uncertainty for four independent inspections - two state-of-the-art eddy current inspections
of disk bolt holes, one with conventional hardware but improved signal processing, and one higher reso-
lution eddy current inspection system assembled for this project.

Separate inspections of the same 490 bolt holes in 49, 3rd stage disks retired from service in TF33
engines were performed with each of the four ND! techniques. Inspection results were compared with each
other and with the actual cracks measured by surface plastic replicas and selected destructive metallo-
graphy. The variation of detection probability and sizing errors with flaw size and indication level
is defined in a form suitable for the probabilistic reliability analysis and RFC strategy formulation.
Progress in the other project tasks, especially the stress and fracture mechanics analysis to define
the conditional failure probability if a flaw of specified size were present will also be summarized.
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SUMMARY DISCUSS 0N
(C. Rau)

Robb Harris (Pratt & Whitney)s When you showed that the inspection probability
deteriorated for finding positions accurately, would one possiblly infer from
that that the things you found weren't really cracks - you found something
else, and it happened to correlate with the one you found in the same hole'

Charles Rau: I think that's part of the problem. I don't know that that's all of
the problem. In our destructive sectioning, which is under way now, we're going
to be answering just that kind of question. I think we have to infer that,
because some of the misses are way off, they found a defect up at the top of the
hole and it spiraled down and 25 turns later you receive a signal. That's
obviously not the same defect. If anything, they folnd a defect that somebody
else missed. But the inspection reliability for that defect is not in fact as
high as we think it is.

Al Morton (Los Alamos Scientific Lab): Are these new or used disks'e

Charles Raus These disks are used disks. They were actually removed from service in
C-l4O's, C-141's and they had a various number of cycles on them. They were
rejected by the field depot inspections. Of course, they had been rejected for
one bolt hole. We were inspecting all the bolt holes. We were characterizing
not just the biggest cracks, but the whole range of cracks--much smaller than
with which they were concerned. But they were used. I'd like to amplify this
point. An advantage of this program is that we're producing a demonstration
program of the retirement-for-cause strategy on actual, used hardware which has
been exposed to actual engineering environments, realistic statistical variations
and duty cycles, and all the other problems that go along with the real world as
opposed to the laboratory. 2'urther, we will be verifying the strategies we
developed through a laboratory testing program where we actually make bolt hole.
specimens and fly them in the laboratory where the inspectors won't know what th,
duty cycle is, and we will basically inspect many accept-reject decisions and
continue running them to see what breaks. Appropriate economic factors will be
ascribed onto relative to the consequences of breakage or nonbreakage, and th(
entire procedure that produces a total payoff will be verified.

Bill Sturrock (Northrop): Did you repeat any of the eddy current inspections after
electropolish?

Charles Rau; No. We wanted to simulate the real world inspection. Sure, we were
likely to see different results. We saw some of the cracks weren't surface-
connected. We noticed that on these high-frequency probes we obviously inter-
rogated a very local region. I'm sure we could have improved the resolution by
opening up some of the defects at the surface, but that wasn't what we were
really looking for.

Bob Addison (Science Center): I was cu-ious about the micrographs that you showed.
Were those micrographs of the plastic piece, or, were they actual photes of the
hole?

Charles Raui Bob, they were both there. There were replicas which were, in fact, tih
surface of the bolt holes. We scanned the surface first to detect the surface
length. Then we took others at cross sections through the bolt holes. You
also saw those planes. We used those to determine the crack depth at various
positions along the surface level. So, both were involved there. I'm sorry
I was running through them pretty quick and didn't tell you which was which.

Mike Buckley (ARIA): Is your optimism for a retirement-for-cause strategy on these
disks based on the fact that the crack growth rate is very slow and, therefore,
you can tolerate a fairly large crack'.

Charles Rau: My optimism is not based on the fact that the crack propag;ation is slow,
although obviously it has to be slow enough to have some margin. The optimism
is based on the fact that, first of all, there is a lot of money being thrown
away. Secondly, we can establish inspection intervals so that we can miss a
crack one time and still catch it at another inlerval. We can improve our total
reliability by redundant inspections without the probability of failure being
very high. Further, we have ten bolt holes in a disk. The fact that. we're g-oing

(continued)
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Charles Rau (discussion continued)

to reject a disk for any one of them adds additional conservatism to the whole
R.F.C. strategy. You put all of these things together probabilistically, and
your probabilities of failure come out to be quite low. And you multiply those
by cost of failure, and it's still a small number compared to the cost of throwing
away the whole fleet of disks.

Warren Berger (RADCOM): We have recognized the three elements in a probability of
failure, although not in as formal a manner as you have presented today. Our
problems are significantly different, I think, in that we have one-shot devices.
We have to screen the entire production to try to isolate, quantify, and reject
those elements that will be failures in functioning. Our biggest problem cur-
rently is getting a handle on the reliability of our inspection in terms of
removing from stockpile or preventing from getting into stockpile those metal
parts that contain critical cracks, whatever that might be.

Charles Rau; Just a comment. We have looked at the problem, also, of nonsubcritical
crack growth. I think you can handle it by many of the same procedures, and I
think it'n amenable to the same kind of calculatior . I think you are right:
the inspection reliability is one of the key inputs. But the preinspection, the
probabilities of flaws being there, is eqially important. I probability of
failure, instead of involving fatigue or subcritical growth, is just a proba-
bilistic overlap of the strength distribution and the stress distribution, but
methodologically it's very similar except for that difference.

Robb Thomson: Any other questions?

John Duke (Virginia Tech): You indicated you have some very complex crack shapes, and
I tend to agree, after looking at those pictures. I was wondering if you feel
that your classification by means of length is sufficient to indicate the signi-
ficance of what you're monitoring with your eddy current? Do you think that using
a different classification scheme based more on the performance that results from
that particular type of a crack would be a better means of characterizing your
inspection?

Charles Rau: There is no question about that--particularly with these complex geo-
metries. I hope when we get done with our destructive work we will be able to
identify additional parameters. For example, the opening of the crack at tho
surface or the integrated opening over the crack depth may turn out to be I lo
more important than the length of the crack. But at this point in time we are
already three or four orders of magnitude more sophisticated in our comparisons
than most people have been able to do with theirs.
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.;CCilt V. KIS'lM. LANEU; DI JCS I IN

Robb Thomson (Session :,airmani i In the few minutes we have left before adjuurrq,,
this session, I'd like to review briefly various points that have je.n made lhis
morning. The development of a failure predictive technoloty e.vidently invlver
a proper combination of several ingredients. These include a quantitative
measurement capali iity, a proper description of the mechanisms of failure, a way
to combine these elements into a probabilistic failure predictor that taker
account of the variance in both the above quantities, a way to ii.clude a ri, 0
data that may exist which will help to sharpen the prediction, and finally, a
way so that management choices (which govern the cost-risk tradeoffs) car, 1 ,
injected into the predictions. This morning, we have heard a number of talks
relating to one of the above items, i.e., the mechanisms of failure, in metallic
materials with an emphasis upon fatigue processes including1 fatigue initiation,
crack growth mechanisms, arid complications that are introduced by ccnsideration
of the fully plastic problem.

In order to help focus our di!scussic a, I would like to suggest that we censid, r
three elements that must be considered in our development of a realistic, fail urt-
predictive set of procedures for metallic materials. These mirht be labe(Ad
deterministic, probabilistic, and a category called surprises. In tle do.ter-
ministic category, we might include fatigue crack initiation, coalesence, crack
growth and topics related to plastic treatments; in the probabilistic cat,, &cry
we have such things as materials variability, statistical variances in essentially
all the deterministic properties, and non-programmed effects of envirormnil an~d
leads; in the surprise category, we might expect unexpected compliceaiuns if,
all the above and we might find some "lucky" alternate paths that would enable-
solutions to be found mor, easily. With these categories in mind, let us get
into discussion.

Don Thompson (Science Center): I would like to address the deterministic cateFry
and to try to relate it to the probabilistic requirements. In particular, h(,w
accurate and comprehensive does a deterministic model of failar" have to !, ir.
order to yield a good probabilistic model'

Charles Rau (Failure Analysis Associates): One of the things in the comlined analys- c
approach which we have been using minimizes the sensitivity to gettling the. cor-
rect deterministic model. Of course, you want to have as good a model as you
can get because your overall predictive system will be better. For examprl , wo
have done a Monte Carlo simulation of a flaw population where we a-,sumed the
analyst got the cracking mechanism altogether wrong,. He thought it wa:7 falica ;e,
and it was stress corrosion. So, he had a crack exponent of three, wh, rc i.t

should have been six. I mean, he really botched the engineering mcdil alto-
gether. However, the retirement-for-cause analysis still worked very well witl.
the bomined analysis. It didn't work as well as it would have with the right
model; he saved a factor of three in total cycle costs whereas he could have
saved a factor of five if he had the right model. I don't mean to dow;play it,
but I would like to indicate that even in those circumstances where, we can't ret
at the determination of the uncertainties, and by paying attentiot t the field
data and retirement-for-cause strategy, you can get by with a let of unmccrtainty.

Rob Thomson (Nat. Bureau of Standards). Could you come a little closer to this in:
the case of the fatigue problem in high-strength steel. Where dc you need
better data? Would better understanding give you better, refirned statistical
results?

Charles Raut Thp key thing, I think, in most of these predictive modf.ls i. to get th,
stress-dependence (or whatever parameters are drivingy the crack) right. In ether
words, if you worry about the fatigue of high-strength steuls, it's imptirtant to
know whether the environment changes the K dependence or stress dipenderner

, 
from

three to four to six or whether your stress corrosion rate becomes almnst K
independent. If you think your stress dependence is six and the threshold is
really in a flat range where it's almost independent of stress, your model is
going to be really wa.' off and then you cari really get into trouble. I think
the key thing is to identify the functional relationship between the key engti -
neering parameters and not necessarily to get the absolute scale factur right.

Hobb Thomson: Any other comments along that line?

(con ti ned)
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SESSION V. - Miscellaneous Discussion (continued)

Jim Carson (AFOSR): Let me pose another question and make some comments along related
lines, primarily to the fracture mechanics people. Let's assume that you can)
measure the length of a crack and the depth and its orientation and any other
characteristic you would like. My question is% how much do you need in order
to make some kind of reasonable prediction? Or more specifically, what do you
need in order to feel comfortable in making that prediction. In looking at the
kinds of cracks that Charlie Rau pictured, which were fairly nasty-looking
things, we don't even necessarily know they were fatigue cracks. They could
have been cracks that were produced during, the manufacturing of the part, and
may have been in an orientation which was not in fact critical. That's a
possibility. I see a head shaking. In any case, I think that's a question that
needs to be addressed too. There are certainly some cracks which were not
fatigue cracks which will be detected, and then you need to determine whether
they are important or not.

Mike Buckley (ARPA): If I could just make a comment on the surprises you had down
there. One way of reducing the uncertainty is, in the case of the engine disk
question, to monitor the engine itself in service - its temperature, its RFM's -

so that we have a much better measure of a load cycle fatigue that is accumulated.
We can reduce the surprises quite a bit by looking at the engine as a system,
for example, and by expanding our horizons past just that component.

Robb Thomson: I'm glad you focused on that, Mike. I also feel this is certainly one
of the major directions you want to be able to go. Cf course, it poses a wholc
set of new problems itself in cost and what parts you want to monitor, and there
are a number of probabilistic aspects there, too, e.g. how often you read the
meters, how often do you get the red light, and so forth.

Mike Buckleyi I'll just make a comment. I think that we will have an agreement with
the Australians to instrument TF-30's in Australia and also to look at retirement-
for-cause strategy on F-lll's. The nice part is they are a very smai] urr.rilzation

and we probably can gct vory good data.

Robb Thomson: Miko, can I ask you a question:
. 

What is your sense of the breakoown
betv.een the periodic inspection that Charlie Rau spoke of versus the actual real
time inspecticn cf thol, ort that you're menti ning. An tner aspect of that
queution is: there is a testing problem. Is there anything besides acoustic
emission that looks like it's a possible practical tool in -eal timf':

Mike Buckley: I was primarily referring to monitoring the engine conditions, which is
state-of-the-art and which you can do. If you had a system for maintaining the
engine which was flexible, then you could have a self-optimizing maintenance
approach to the whole problem.

Robb Thomson: This is actually a third ole.

Mike Buckleys That's right. But that takes a very fle.xible organization which can
manage their engines and air frames. It's very complicated. Besides acoustic
emission we do have a system flying in Australia, which you probably heard about.
Sometime we can talk about why we do business with the Australians. An adap-
tive maintenance thing, a maiitenance-for-cause philosophy, can be extremely
cost-effective, it seems to me. The hardest problem is probably the actual
logistics of it, how you implement it. I think it would fit. Charlie has
modeled it very nicely.

C ,arles Rau: First I would like to answer the question because I think it gives me a
chance to make a point that is important. You asked basically what parameters
we really need to measure to make a cost-effective decision. I think maybe that's
obvious if you stare at these equations, but the key point is that you have to
measure more than just the minimum size defect you can find some of the timc.
Obviously, you can identify the critical areas which is done by stress analysis
and the fracture mechanics predictions of defects in those areas. There is no
reason to inspect everything,. At least riot in the same detail. That's obvious.
But assuming you have identified the critical areas, it's also important to specifty
and to quantify the inspection reliability of whatever NDE technique you're Usilq"
as well as its resolution capabilities. And people I think in your industry--
I guess it's kind of mine now, too--don't do as much of thut, I think, as we
ought to. And I also think w, need to know those numbers not only under the, ideal
laboratory conditions but under the realistic conditions on the wing or in the

conti nued
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SESSION V. - Miscellaneous Discussion (continued)

shop, wherever the inspection process is goint, to te dufined. I think the leople
who are designing new systems, new probes, have to !U Consciously thinKing, about
the specific application it may eventually be applied to if in fact we art- really
going to get tne inspection reliability to a level which makes it useful.

Fred Morris (Science Center). Let me make a small commercial for probabilistic irniti-
ation models. We have to remember at least in design terms that design prcblems
can be divided into two classes--safe-life and fail-safe designs. In fail-safe,
where you plan never to do an inspection, of course, it's crucial to understand
the initiation behavior, and that's particularly where initiation-based ,r~ ati-
listic models shine. But in safe-life designs there are s(veral areas wh(re the
potential power of probabilistic failure models manifests itself, aside. from
models that can be developed from periodic inspections of critical components.
These include loading -onditions in structures where the failure probabilities
are determined by very low probability events. Another point of concern is Ihe,
discontinuous nature of multiple crack coalescence in which you can ,c from 1 C
micron cracks to 1,000 micron cracks - an incredible jump in size over a very few
cycles. The statistics at which that occurs, of course, are of enormous interest.
It may be a rare phenomenon, but it's a rare phenomenon that brings a plane down
under certain conditions. Frobabilistic models can also provide guidance with
respect to materials variability. If you have been making everying out of shuct I
and sheet 2 comes in the door, there may be enormous tffects of microstructure
on the failure process. Probabilistic failure models that relate the micro-
structure of the material to performance characteristics are particularly
important. A somewhat related problem is that of predicting the Lffecto; of
fleet duty cycle. Again, appropriate failure models may be able to make a ,,Ldic-
tion as to what that change in duty cycle will do to the statistics ef the f:.in
and that's something very often you won't have time to get ar insi-hl into by
only an inspection technique.

Robb Thomson: We're just about to run down. ] would like to make one plut,, hcwt vyen.
It's a little orthogonal to most of what the Air Force and Defense D)epartmelt alk
generally worried about, which is high-strength relatively brittlt, materials,
where the plasticity is well-contained in the part. That's the classic fractur,
mechanics situation. It's the one that most of us are most comfortable and fami-
liar with, but let me simply remind you there is another failure problem whet.
you're dealing with a softer, possibly tou,her material, or even the cas ,- 

of a
thin structure material wherein a crack goes through. For example, a iye with a
crack in the girth is such a situation. There the plastic zone g7oes clear thrc,'h
the part to the opposite side, and ordi nary fracture mechanics doesn't hely yk u
there at all. These are tremendously imprtant in many applications. in this
case we are not in very good shape from the fracturt, mechanics poin t of view.
I would urge the NDE community to keel, its -ye on this problem t-ecause it's an
important one. And as we begin to glet iig hts from the fracture mechanics
point of view about what are the imporla!it parame ters that can be identified and
which you need to measure, that will Iht I 1,e a cha 11 n e to Ih W ND c( mu1 t IT

#7
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ULTRASONIC INSPECTION OF RUBBER SONAR DOME WINDOWS

G. A. Alers and C. M. Fortunko

Albuquerque Development Laboratory
Rockwell International

2340 Alamo, SE

Albuquerque, New Mexico 87106

ABSTRACT

By using a rubber window acoustically matched to sea water, the Sonar system on a destroyer can be
made considerably more sensitive. However, if the layered construction of the window develops delami-
nations while in service, the hydrodynamic characteristics of the structure may become modified and
acoustic noise can be generated during high-speed operations. In order to inspect for these delami-
nations while the ship is tied up to its dock, a pulse-echo ultrasonic scan performed by a diver using
a sea-water coupled transducer would appear to be ideal. However, the choice of acoustic parameters
suitable for inspecting rubber were unknown. Laboratory studies showed that by utilizing very short
time duration pulses whose center frequencies lie between 0.5 and 1.0 Mhz, it was possible to detect
water-filled pockets within 0.2 inches of the outer surface of the window. A prototype instrument
suitable for shipboard and dry dock operation has now been constructed. This instrument features
optimized pulse excitation of low-frequency broad band transducers when attached to 50 to 100 feet of
coaxial cable. A signal light is also incorporated to provide the diver with information on the
condition of the rubber window under his transducer.

INTRODUCTION

When Sonar systems were first added to the
Navy's surface fleet, the acoustic energy was
usually coupled to the sea water through the
steel hull of the vessel. For anti-submarine
warfare from a destroyer, this procedure proved
to be suifficiently lossy that a submarine could
escape detection. To alleviate this situation,
a region of the steel hull is now replaced by a
rubber window in which the rubber has been
chosen to be a good acoustic impedance match to
sea water to make the structure as transparent
to sound waves as possible. Figure I shows a
photograph of a modern destroyer in dry dock and
the bulbous Sonar Dome structure under the how
of the ship can be easily seen. Although not
clearly delineated in the photograph, this bulb
is nearly surrounded by a rubber strip approxi-
mately 8 feet high and 80 feet in circum-
ference. It is constructed in a manner similar
to an automobile tire with steel reinforcing
wires embedded in it.

THE PROBLEM

The outer layer of the rubber window is
approximately 1/4 inch thick and has a somewhat
different chemical composition than the rest of
the window structure so that it will repel
barnacles. Since it lies on the surface of the
dome, any defects such as a disbond under the
layer could interact with the hydrodynamic flow
past the window and cause turbulence or cavita-
tion which, in turn, could act as a source of
unwanted noise in the Sonar receivers. In order Figure 1. Photoqraph of a destroyer in dry dock
to have an instrument for detecting dishonds or The round bulb below the how contains
other discontinuities near the outer surface of the Sonar "antenna" and the Sonar
the window, the Science Center was asked to window is a rubber strip around this
investigate the possibility of using ultrasonic bulb.
pulse-echo te.hniques. Laboratory studir-'
showed that special electronic circuits coupled THE INSTRUMENT
to conventional, broad-band piezoelectric trans-
ducers would detect near-surface flaws if the Once the electronic and acoustic specifica-
frequency were between O.S and I.n Miz and the tions had been defined, the Alhuquerque Develop-
total pulse durations were less than 6 usec.
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ment Laboratory was asked to construct a the transducer over the rubber window area will
complete instrument package suitable for opera- be a professional diver while the person viewing
tion by Navy personnel at dockside or in dry- the CRT display will be one who is trained in
dock. Figure 2 shows a photograph of the ultrasonic inspection techniques arid will he
completed instrument as well as the transducer stationed on a dock or surface vessel some
holder. It can be operated either from a self- distance away from the Sonar noe itself. Once
contained battery pack or from 110 volt, a suspect area is located, the diver and the
60 cycle AC sources. The CRT displays the RF inspector can communicate over a separate audio

cofmTunication link to make detailed comparisons
of the conditions of the signal that activated

- the light on the transducer package and to
establish the location of the transducer on the

• ",.dome.

Recause the CRT display is expected to he
at least 100 feet away from the transducer,
special transmitter and receiver circuits had to
be developed to insure that there would be no
degradation of the signal between the transducer
and the display. To meet this requirement, very
compact transmitter and preamlifier circuits
were designed to fit into the small container
housing the transducer. Thus the long, water-
proof cable connecting the instrument with the
diver held probe need only transmit DC power
supply voltages and the preamplified RF signals
detected by the transducer. The remote trans-

mitter-circuit consists of a carefully chosen
transistor switch designed to discharge a capa-
citor into the transducer with a time constant
tailored to the desired center frequency of
operation. The preamplifier consists of hiqh
gain, low noise amplifier stages designed t!)
recover quickly from the transmitted burst, as
well as to present an optimum impedance to the
transducer at the input and to the long cable at
the output.

eeI RAT I iN

Delivery of the final instrument and
acceptance tests on the Sonar Window of a det-
troyer are scheduled for October of 107, s
only laboratory simulations of the actual ope-a-
tion of the instrument are available at this
time. Figure 3(a) shows the Rf signal

.4

Figure 2. Photograph of the battery operated.
portable instrument for inspection
of rubber Sonar Windows.

signal reflected by the Sonar Pone on an ex-
panded time base so that an echo from an inhono-
geneity near the Dome surface can be time A
resolved from the echo from the front surface
itself. A gating circuit is available to sepa-
rate out those signals that arrive after the -.62
front surface echo and to activate an alarm if
they exceed a preset level. This alarm consists
of three parts: (1) a speaker that generates an
audible noise signal; (2) the region of time -.04
comprising the gate duration appears on the CRT
display as an intermittent square wave
superimposed on the signal; and (3) a red light
on the transducer pachage that is held on the - 96
Sonar noe becomes activated. The latter alarm TIME (USN
is of particular utility, because it alerts the
diver scanning the transducer over the dome that Figure 3(a). fxample of the I-
he is in the region of a suspected defect. In observed on the g elod
the usual mode of operation, the person scanning Dome
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display for the case of a defect free test
sample of the rubber window structure. The
large signal on the left is the reflection from
the front surface of the sample. That is, the
reflection from the sea water to rubber window
interface. The small signal on the right of the
trace is from a layer of steel reinforcing wires
buried in the test rubber sample, approximately
1/2inch below the surface. Its amplitude is
reduced because of attenuation of the sound in
the rubber. Figure 3(b) shows the signal
observed when the acoustic path between the
rubber surface and the steel reinforcing wires
is interrupted by a water-filled dishond.
Clearly the thin layer of water in the dishond
causes a reflection of ultrasonic energy which
can be detected by the ultrasonic pulse-echo
technique. By adjusting the signal gate to
coincide in time with this dishond echo and
setting the alarm trigger level to he activated
by a signal of that amplitude, the instrument
alarm system could he initiated whenever the
transducer was scanned over the dishonded region
of the sample.

sAA6,04

4.o4

- -i I I I t I£0 28 311 ....
TIME (US)

Figure 3(h). Fample of the RF waveform

observed on the rT in the
region of a dishond.
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APPLICATION OF NONDESTRUCTIVE EVALUATION (NIDE) IN ASSESSING
THE STATE-OF-HEALTH OF PHOTOVOLTAIC SOLAR ARRAYS

C. D. Coulbert and J. C. Arnett
Jet Propulsion Laboratory

California Institute of Technology
Pasadena, CA 91103

ABSTRACT

lhe Li.S. Department of Enermoy's proqram to develop photovoltaic solar arrays by 1986, that
have a useful life of twenty years with a selling price of fifty cents per watt, has resulted
in a new rapidly advanCing photovoltaic industry and technology. Current projections based
on current solar module hardware experience indicate that the 1986 electrical performance
and cost goals can be met. However-, field exposure experience with newly formulated solar
cell confiqurations and encapsulation material systems is very limited, and the long-term,
life-I imiting tailure modes and degradation rates have yet to be determined.

To levelop a data base fo. life prediction and performance degradation rate measurement a
nuMber of new and state-of-the-art NnE methods are being evaluated for laboratory and field
use in detecting flaws, failures and subtle material changes in experimental solar modules.
In addition to the normal visual, photographic, and electrical performance measurements
being made, several new techniques show promise of practical application.

INTRODUCT_ION a module image on a cathode ray tube where cracked
and inoperative cells are revealed.

Photovoltaic solar arrays for the direct con-
version of sunlight to direct current electrical PartialCorona Discharge - figure 7 shows the test
power may consist of larqe numbers of individual eouipment and typical output data used to detect
flat plate solar modules generating about ten watts partial corona discharge in a photovoltaic module

peak power) per squdre foot of solar cell surface due to incipient voltage breakdown between the solar
ar-,. A 25 kilowatt solar array at the University cell circuit and the grounded supporting frame.
Of Nebraska Agricultural E\perirnent Station shown Although single solar cell voltage output is only
in Fit-. 1 indicates the type of hardware for which 0.5 volt, solar cells may be series connected to
7['E techniques are sought. produce solar array output voltages of 1000 Vdc in

utility power generation applications.
The objectives of these NDE measurenents

(Fig. 2) are to deterrmine or identify by cost- FTIR - A direct measurement of chemical degradation
effective techniques (1) the changes in array per- changes occurring in the exposed solar module encap-
formance. (2) the failure nodes and their causes, sulant materials (polymers) is possible by taking
(3) quantitative degradation rates, and (4) inci- small specimens of polymer from the layer of encap-
pient failures in operational solar modules. sulant surrounding an operational cell and conduct-

inq a Fourier Transform Infrared (FTIR) spectro-
figure 4 shows the curirent standard laboratory sconic analysis (Fig. 8) to measure the time-related

pertformance measurement technique which is a larqe production and loss of chemical species. A subse-
area pulsed solar simulator (LAPSS) manufactured quent step would be to relate these chemical changes
by Spectrolab Inc. A pulsed xenon arc lamp pro- to physical and electrical degradation.
vides one sun of uniform illumination of short dura-
tion without solar cell heatinq. The output termi- Ultrasonics and Ellip sometry - Figures 9 and 10 show
nals are swept by an electronic load during the the detection and imaging capabilities of ultrasonic
pulse and the data stored. The module current- and ellipsometric techniques applied to solar miod-
voltage (I-V) curve corrected for temperature and ules. The focused ultrasonic probe readily identi-
illumination is plotted automatically. Analysis fies the encapsulant/cell interface and the differ-
of these curves identifies changes in the internal ences between bonded and disbonded conditions. At
characteristics of the photovoltaic circuit, this time, however, the technique does inot reveal

the quality of the bond itself. Ellipsometri stir-

OTHER NDE APPROACHES EVALUATED face analysis reveals first surface conditions and
OHRsurface contamination but do~s not provide an effec-

tive assessment of interface phenomena.
Infrared Camera - With large number of solar cells
connected in series, the degradation of one cell CONCLUSIONS
can cause localized overheating and subsequent mod- Perfor"ance measurement and failure detektion
tile failure. The infrared camera may be used in t erfnique anae mes t deedi'
the field and laboratory to detect and locate over,- techniques are furthest developed. Still needed are
heating and identify its cause as in Fig. 5. life prediction.

Laser Scanner - Figure 6 outlines the operation of ACKNOWLEDGME'
a solar cell laser scanner. A focused laser beam ----- -

is deflected in a raster pattern over- the cell sur- The resear(h described in this paper was (ar-
face, qeneratinq a photocurrent which varies from tied out at the Jet Propulsion Laboratory, California
point to point due to localized defe(ts in the cell Institute of Teihnoloqy, and was sponsored by the
structurP. The amplified current is used to produce Department of Enerqy through an aqreement with NASA.
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POLYMER COMPOSITE RELIABILITY REQUIREMENTS FOR LARGE SPACE STRUCTURES

Jovan Moacanin
Jet Propulsion Laboratory

California Institute of Technology
Pasadena, California 91103

ABSTRACT

Long-life (10-30 years) large space structures are considered by NASA for a number of future earth-
orbiting missions. The use of very thin graphite-fiber composites have been considered as structural
materials for the fabrication of these structures. A combination of analytical and experimental approaches
will be needed to provide a reliable data base on engineering properties of these materials to be used in
the design and fabrication of these structures, which kill be able to withstand the space environment.

Studies of planned NASA missions indicate that The complexity of the long-term effects of the
multiuser, multipurpose science and application space environment and the lack of an applicable
platforms can achieve cost efficiencies and enhan- data base dictate the development of a combined
ced reliability through shared support systems, analytical and accelerated experimental program to
shared operations, and on-orbit serving using the realistically predict temporal energy degradation
operational Space Shuttle. These multiuser plat- profiles in materials of interest. Analyses of the
forms will evolve in succeeding years into highly relative complexities and costs of the various test
complex platforms for communications of scientific program options show that for a cost and time effec-
observations capable of greatly increasing space- tive approach one cannot simulate the space environ-
craft efficiency and utilization (Fig. 1). Tech- ment in detail, but that onp must reproduce material
nical considerations and economics require these degradation profiles by a judicious combination
structures to be designed for space operational (some simultaneous and some sequential) of radia-
loads and for long life (10 to 30 years). tion/temperature/time (Ref. 3).

The technological issues for these new struc- Experimertal techniques which are being devel-
tures may be exemplified by current activities on oped at JPL rely to a large extent on transient
the development of precision deployable antennas measurements in order to identify primary effects of
(Ref. 2) for applications such as large earth view- radiation on materials. For an assessment of UV
ing radiometers. This concept is intended for induced degradation mechanisms flash photolysis is
antennas from 30 to several hundred meters in dia- being used (Fig. 4). Similarly, pulsed e-beam
meter and for operation at 100 GHz and above. The sources are being used to study high energy electron
deployable reflector structure requires high surface mechanisms (Ref. 4). These experimental data are
precision (Fig. 2). Pulsed laser ranging systems used then along with other conventional measure-
(Fig. 3) are being evaluated for measuring and con- ments for determining radiation effects to develop
trolling the surface curvature (Ref. 2). analytical models for predicting long-term effects

in space.
In order to meet the requirements for light-

weight and adequate strength, very thin (1.0 mm or Material defects which ultimately may compro-
less) graphite fiber composites are being consider- mise the performance of a structure may have their
ed as primary structural materials. Both epoxy and origin beginning with the selection of materials
polyimide based composites are being investigated, prior to fabrication and all the way to the final
The possibility of using polysulfone (a thermo- operational environment (Fig. 5). The previously
plastic) based composites is being considered for proposed reliability concepts (Ref. 5) are appli-
its potential for fabrication in space using tech- cable provided that preventive NOE is used exten-
niques such as pulltrusion. For large structures, sively to assure Lhat components such as prepregs
technology applications long-term dimensional and adhesively bonded structures are cured to final
integrity along with minimal tendency for thermal states which were qualified by extensive tests and
distortion are essential. analyses of the long-term effects of space radia-

tion. For the duration of a mission NOE will be
One of the major uncertainties in the use of required for inspection and for repair/replace

composites is the effect of space radiation on decisions.
mechanical and physical properties. The effects of
high energy electrons and protons (and to a lesser Acknowledgement This paper represents one phase of
extent other high energy particles) must be consid- work performed at the Jet Propulsion Laboratory,

ered. Although their penetration depth is rather California Institute of Technology, sponsored by the
low, the effects will be significant considering National Aeronautics and Space Administration under

the thinness of the composites to be used. The Contract NAS7-1O0.
nature and the extent of degradation will depend on
the radiation profile in a particular orbit (e.g.,
geosynchronous) and on the chemical nature of the
composites (e.g., epoxy or polyimide/graphite).
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NONDESTRUCTIVE MONITORING OF FLAW GROWTH
IN GRAPHITE/EPOXY LAMINATES UNDER SPECTRUM

FATIGUE LOADING

I.M. Daniel and S W. Schramm
IIT Researc:. Institute

Chicago. Illinois 60616
and

T. Liber
Travenol Laboratories

Round Lake, Illinois 60073

ABSTRACT

Ultrasonic and acoustic emission techniques were used to monitor flaw growth in
graphite/epoxy laminates containing four types of initial flaws and subjected to fully
reversed spectrum fatigue loading, including temperature and moisture variations. In
general, it was found that flaw growth was much more pronounced in the specimens exposed
to environmental fluctuations in addition to the load spectrum, than in those tested in
an ambient environment. Flaw growth was also greater in specimens of [(0/+45/90Ns12
layup than in those of 102/+4512s layup. No significant reduction in residual tensile
strength (in general less than ten percent) was observed for anv of these groups of
specimens.

EXPERIMENTAL PROCEDURE

Specimens - The specimens were graphite/ were selectively monitored and recorded.
epoxy (AS3501-5A) coupons of 1(0 /+4 5 /9 0 )s]2 This continuous acoustic emission monitor-
and 102/+451 2s Layups. The initial flaws ing was done to complement the ultrasonic
investigated were: (1) circular hole, (2) monitoring which was done only at specified
embedded film patch, (3) internal ply gap intervals. At intervals corresponding to
and (4) surface scratches (Fig. 1) The each half lifetime of loading the specimens
specimen gage section was 5 08 cm (2 in.) were removed from the fatigue machine and
long and 3.81 cm (1.5 in.) wide. inspected ultrasonically. Immersion ultra-

sonic techniques were used using a 5 MHz
LoadinZ - The specimens, three of each flaw broad band focused transducer. The speci-
type and layup, were preconditioned by mens were tested up to a maximum of four
exposing them to 21 days of 347 degK lifetimes. The various C-scans obtained
(165*F) temperature at a relative humidity for each specimen were combined into maps
of 98 percent in an environmental chamber, illustrating the progressive flaw growth.
during which time they absorbed 1.2q +
0.05 percent by weight moisture. The load Residual Strenh - Following the fatigue
spectrum consisted of 127,500 cycles of li ab6o-Qe-and the ultrasonic monitoring.
tension-compression at various levels of the specimens were tested statically in
peak stress per lifetime. At a cycling tension to failure to determine their
frequency of 3 Hz this was accomplished in residual strength and thus assess the
approximately 12 hours. Two series of criticality of the various flaws.
tests were conducted, one with the load
spectrum above at an ambient environment RESULTS
and the other with the same load spectrum
but including environmental fluctuations Flaw growth maps obtained for speci-
of 219 degK (-65'F) to 406 degK (270*F) in mens with the four types of initial flaws
temperature and up to 95 percent in discussed before for two lnvups and two
relative humidity. Each lifetime was environmental spectra are shown in Figs. 2-
segmented into various combinations of load 5. In general, it was found that flaw
peaks and temperature and humidity levels, growth was much more pronounced in the

specimens exposed to environmental
Stress cycling was applied to a chain fluctuations in addition to the load

of five specimens at a time by means of an spectrum, than in those tested in an
electrohydraulic closed loop system. The ambient environment. More extensive flaw
maximum cyclic stress was 161 MPa (23 ksi) growth was observed at one to two lifetimes
for the [(O/+4 5 /9 0)sl2 graphite/epoxy in the former group than at four lifetimes
specimens anU 223 MPa (32 ksi) for the in the group tested at ambient environment.
f02/+ 4 51 2s specimens. In general, flaw growth was greater in

specimens of [(0/+ 4 5/90)s1 2 lavup than in
Nondestructive Monitoring - A number of those of [02/+4512, layup with some
aco-ustc-e-is-on transducers were mounted exceptions in the environmentally cycled
on the specimens in the fatigue loading specimens In the case of specimens with
chain and cumulative counts and count rate circular holes delaminations grow around
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the hole boundary in the early stages of ACKNOWLEDGEMENTS
load cycling (one to two lifetimes) but no
further growth is seen thereafter, with The work described herein was spon-
two exceptions in the environmenLally sored by the Air Force Materials
cycled specimens which showed early Laboratorv and tho Air Force Flight
extensive delaminations throughout the Dynamics Laboratory, Wright-Patterson
specimen. In the specimens with embedded Air Force Base, Ohio, through a subcontract
patches initial delaminations were present from Rockwell International Corporation,
throughout, These grew with the number of Los Angeles, California. The authors would
load cycles and additional ones developed like to thank Dr. George Alers and Mr.
throughout the specimens. Specimens with Lloyd J. Graham of the Rockwell
internal ply gaps, especially those of International Science Center for their
[02/+ 4 5 12s layup showed the least amount assistance and advice on ultrasonics and
of flaw growth. Specimens with surface acoustic emission and Messrs. K.E. Hofer
scratches developed the most extensive and G. Waring for the fatigue task of the
delaminations, but mostly localized on the program.
surface or near surface plies.

Acoustic emission count rates follow
the same trends as the loading spectrum
with an overall trend for higher average
count rates with increasing time (lifetimes)
of fatigue loading (Fig. 6). In this
respect there seems to be some correlation
between acoustic emission count rate and
flaw size as detected by ultrasonic
scanning.

No significant reduction in residual
tensile strength (in general less than ten
percent) was observed for any of these
groups of specimens. This may be due to
the relatively low fatigue loads and to the
fact that the resulting delaminations are
not critical under the subsequent static
tensile loading.

CONCLUSIONS

i. Flaw growth is greater in specimens of
[(0/+45/90)s]2 layup than in those of
[02/T4512s layup.

2. Flaw growth is more pronounced in
specimens exposed to environmental
fluctuations than those tested in an
ambient environment.

3. Delaminations around holes occur
mostly in the initial stages (one to
two lifetimes) with no further growth
thereafter.

4. Delaminations in specimens with
embedded patches extend throughout
the specimen.

5. Specimens with internal ply gaps,
especially those of 102/+4512s
layup, show the least amount of
flaw growth.

6 Specimens with surface scratches
develop the most extensive delamina-
tions, but mostly localized on the
surface or near surface plies.

7. No significant reduction in residual
strength was observed for any group
of specimens.
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IMPLEMENTATION OF AN LILTRASONIC, ADHESIVE BOND TEST BED: SAMPLE PROBLEMS:
ALUMINUM TO ALUMINUM AND HONEYCOMB STRUCTURES

E. Segal, G. Thomas and J. Rose
Drexel University

Philadelphia, PA 19104

ABSTRACT

The complex problems of predicting adhesive bond strength for both
adhesive and cohesive defects have been studied using an ultrasonic, expe-
rimental test bed system. This experimental test bed incorporates the ul-
trasonlc and computer equipment necessary to acquire and process data from
various types of adhesively bonded test specimens. The computer hardware
and software have been developed to allow the design of reliable pattern
recognition algorithms for the prediction of adhesive bond strength. Two
different types of adhesive bonded structures were studied. First, the
problem of inspecting the adhesive bond joint in an aluminum to aluminum
step-lap specimen to predict the bond strength that could be affected by
adhesive or cohesive defects was studied. A set of 164 bond specimens was
used to design an algorithm that is 91 reliable for separating the speci-
mens into a good class or a weak class. A Fisher Linear Discriminant
function was selected by the test bed system as the optimal pattern recog-
nition routine for the classification problem. The second structure
studied is the honeycomb configuration. Specimens were acquired that con-
tained many of the typical adhesive defects common to honeycomb structures.
A feasibility study was conducted to determine the test bed's potential
for solving honeycomb inspection problems.

INTRODUCTION

Adhesive bonding is rapidly becoming an Recently many investigators have studied
important part of joint technology because this difficult problem of altrasonic inspec-
of its inherent nature to provide more uni- tion of adhesive joints. The more success-
form stress transfer, increased fatigue life, ful techniques for determining bond strength
and a reduction in structural weight. These where gross flaws art not present have been
characteristics are particularly important with the aid of computerized, sophisticated
in high performance structures utilizing alu- signal processing and feature extraction
minum to aluminum and aluminum to composite [1-8]. Though a tremendous advance in the
joints as those found in aircraft. Adhesives state of the art of ultrasonic adhesive bond
are often suitable for solving many joining inspection has been made, there still exists
problems compared to the more common techni- much work to be done in the area of produc-
ques of welding, riveting, and the use of inq a complete bond flaw prediction algori-
other mechanical fasteners. One of the major thm which includes all bonding defects. The
limitations on the use of adhesives as a solution to this problem is the goal of this
structural element, however, is associated study. The problem of developing a complete
with the difficulty encountered in making an bond flaw prediction algorithm has been at-
accurate determination of bond quality or tacked by assembling an ultrasonic design
potential performance after the joint has tool and experimental test bed for the pre-
been completely assembled. An important part diction of adhesive bond defects. This sy-
of using adhesives is to develop a nondes- stem includes ultrasonic equipment, computer
tructive evaluation technique that makes use hardware, and software for the design of ad-
of a single ultrasonic measurement for pre- hesive bond defect prediction algorithms
dicting the potential bond performance level, which could account for a variety of bonding
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flaws. Two sample adhesive bond problems have been that of a typical step-lap joint as shown in figure
studied using this test bed system. Some of this 1. An industrial adhesive, FM-73, from American
work will be presented at the Ninth World Con- Cyanamid Co., was used in this study. Manufactur-
ference on "Jondestructive Testing [9]. ing techniques for the adhesive system are descri-

The first sample problem which called for the bed in [l.
classification of bonding defects in an aluminum
to aluminum structure, was quite successful. A Several types of bonding defects were manufac-
computerized algorithm was developed that provided tured into the bond specimens so that a bond defect
an overall reliability of 91% for classifying ad- prediction algorithm could be developed that con-
hesive bond defects. The second sample problem sidered adhesive and cohesive defects. First, pro-
which involved the classfication of bond defects perly prepared and cured specimens were made to pro-
in honeycomb structures is in its preliminary vide data from good bonds. Then weak bonds were
stages. Data acquired to date clearly indicates manufactured by either contaminating the adherent
a strong potential for successful classification, surfaces to cause an adhesive defect, under-curing

the specimen to cause a cohesive failure, or vary-
TEST BED CONCEPT ing the bond line thickness to provide weak bonIs.

Specimens were also manufactured that included com-
The test bed idea was conceptualized out of binations of the previous defects such as various

need for a means to study new ultrasonic inspec- thickness, undercured bonds.
tion problems that could not be solved using tra-
ditional techniques. These inspection problems TEST SPECIMEN DESCRIPTION - HONEYCOMB
required advanced, state of the art, methods for
solutions. A test bed is a self-contained assemb- Two specimens were used in order to investi-
lage of equipment, controlled by a computer, to gate the feasibility of this test bed to identify
acquire data, process the data and design classi- flaws in Honeycomb Structures.
fication schemes for new ultrasonic inspection pro-
blems. The specimens are oescribed in Fig. 2. Speci-

men A has two kinds of programmed defects, unbonds
The test bed system provides a systematic ap- and damaged honeycomb. The unbonds were simulated

oroach to a new problem in ultrasonic nondeatruc- by thin pieces of teflon. Specimen B contains two
tive evaluation. Once a new inspection problem kinds of unbonds. Skin Unbond (SU) - where the
has been defined, the ultrasonic test bed can be teflon was placed between the facing and the adhe-
implemented. For example, in the case of an ad- sive, and Core Unbond (CU) - where the teflon was
hesive bond problem, the first step is to perform placed between the adhesive and the Honeycomb core.
a parametric study using Brekovskik's layered
media program [l, 11] to model the bond structure. TEST BED SYSTEM
This study will provide a resource base for select-
Ong pertinent features, plus determine a transducer Ultrasonic Test Equipment
selection criteria. The test bed equipment is
used then to acquire data using the appropriate An ultrasonic pulse echo immersion system was
transducer from a set of training specimens. This used for the data acquisition procedures required
data can next be reduced by signal processing to in this experimental test bed. A block diagram of
provide the desired features' values. After the the ultrasonic equipment is shown in figure 3. The
training set's feature vectors have been determined, system consists of an Aerotech UTA 2 Pulser/Re-
a collection of computer augmented pattern recogni- ceiver driving the ultrasonic inspection probe.
tion algorithms that are included in a package This pulser/receiver also amplifies the returning
called "Generalized Approach to New Problems in ultrasonic RF signal and has a gate circuit to
Ultrasonic Inspections" (GANPUI) [12] can be in- separate and output any specific part of the ultra-
stituted to find the optimal classification tech- sonic waveform. The gate signal was used in this
nique. Then a different set of specimens, a test test bed as a means to trigger the analog to digi-
set, are inspected by the test bed system and tal converter.
classified by the newly designed bond defect pre-
diction algorithm to determine the algorithm's re- A Tektronix 7704 oscilloscope is used to dis-
liability. If the reliability is not adequate, play the ultrasonic RF waveform along with the gate
the process is started from the beginning using signal. A computer controlled x-y scanner is in-
new data acquisition techniques, selecting diffe- corporated into this test bed system as a tool to
rent features, and institutinq other pattern re- acquire automatically and accurately, ultrasonic
cognition algorithms, data for a variety of bond specimen configurations.

TEST SPECIMEN DESCRIPTION- Transducer Parameters for Adhesive Bond Inspection
ALUMINUM TO ALUMINUM, STEP-LAP JOINT

The selection of the ultrasonic probe to be
Two series of test specimens have been fabri- used for the inspection of the adhesive bond

cated for the aluminum to aluminum sample study, structure is a critical phase in the assembly of the
The first series of bond specimens was used as a ultrasonic equipment. The main concern when se-
training set to design the bond defect prediction lecting the inspecting transducer is to provide the
algorithm. This first series included good speci- proper frequency content for accurate feature value
mens, adhesively defective specimens, and cohe- selection. A theoretical modelling approach to the
sively defective specimens. The second series was adhesive bond system was conducted on a computer to
used to test the alqorithm and it incl ded good determine the significant features of the ultra-
specimens, adhesively defective specimens, cohe- sonic signal which was reflected by the bond layer.
sively defective specimens, and conbined adhesive Once the features are selected, a transducer accep-
and cohesive defects. The specimen geometry is tance criteria is established to insure visibility

of the features chosen. For example, if discrimi-
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nating features are determined to occur at five and reference and bond line echo which is stored in the
twelve megahertz, then the search probe must have a computer's memory. program is then called which
frequency bandwidth which includes these frequency calculated the Fourier transforms of the reference
modes to be acceptable, and the bond line echoes. The reference spectrum

is divided, point by point, into the bond layer's
Computer Hardware echo spectrum using a complex division algorithm.

This division results in the transfer function for
The automatic data acquisition system for ad- the bond layer [10]. The transfer function is then

hesive bond inspection is developed around a Digi- used to determine various feature values because
tal Equipment Corporation PDP 11/05 minicomputer the transfer function is a function solely of the
with various peripherals including a RK05 disk bond layer and is independent of the transducer.
drive, a RXOI floppy disk drive, dual cassette The features from the amplitude-time signals and
drives, a Decwriter teletype and line printer, a the transfer functions are stored and later used in
Tektronix 4014 video terminal and a 4631 hard copy the pattern recognition algorithm. The pattern re-
unit. cognition algorithm function which accepts the fea-

ture values from each bond layer and classifies the
Analog to Digital Converter bond specimen according to the presence or absence

of defects. The data acquisition for the honeycomb
The analog to digital converter used in this specimens was similar to that used in the aluminum

test bed is a Biomation 8100 unit capable of sampl- to aluminum adhesive bond work.
ing intervals to .01 usec. Digitizing ultrasonic
RF waveforms at this rate will yield approximately Signal Processing
ten points per cycle on a ten megahertz pulse. The
converter is an eight bit machine and thus digitizes An important phase in the development or im-
to an accuracy of one part in 256, and can store plementation of an adhesive bond prediction algori-
2,048 amplitude-time points in its memory at one thm is signal processing and data reduction. This
time. is done before the feature values are determined to

provide better, more accurate values. There are
TEST BED PROTOCOL several noise influences in this experimental test

bed system. One source is noise picked up by the
Data Acquisition Details transducer from the specimen and its surroundings.

Another source of noise is from the measurement
The data acquisition procedure used for ultra- equipment. And finally, the quantization noise

sonically inspecting the test specimens is as fol- caused by the finite quantization levels of the A/D
lows. The transducer was automatically located over converter. Random noise can be significantly re-
each of six inspection points on the bonded speci- duced by averaging the ultrasonic RF waveform many
men, and these signals were spatially weighted and times as it is passed to the computer. A moving
averaged to account for the shear stress distribu- average is beneficial in reducing high frequency
tion in the step-lap joint [13]. A one and a quar- noise in the ultrasonic signal. And low frequency
ter inch water path separated the transducer from noise can be accounted for in the frequency domain
the specimen. At each location, five amplitude- or by a DC offset setting in the A/D converter.
time signals, which included a reference reflection
from the top of the aluminum-water interface, and an The major data reduction technique used in this
echo from the adhesive bond layer, which was com- test bed is Fourier Transforming the ultrasonic RF
posed of the superposition of both adherent-adhe- signals. The Fourier Transform changes amplitude-
sive interfaces, were gathered by the analog to time information into the amplitude-frequency do-
digital converter. These signals were averaged to main. The Fourier Transform is a good data reduc-
eliminate some of the random noise generated by the tion technique because, for example, a 512 point
system. The result of the averaging is a single amplitude-time signal can easily be represented by
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a 50 point Fourier transform spectrum. Thus a sig- results. Figure 5 also presents the results from
nificantly reduced feature vector is able to re- an earlier study conducted by Rose and Thomas [8]
present the signal in the frequency domain. Fur- to predict "adhesive defects" in aluminum to alumi-
thermore, the ultrasonic signal might be described num, step-lap specimens. This study differed from
by only a few characteristic features such as peak the present study because the present study in-
frequency, 6 dB down bandwidth, and a number of cludes cohesive defects as well as adhesive de-
significant depressions. These features can then fects. A second more desirable technique of di-
be used in a pattern recognition algorithm to clas- rectly selecting most of the features from the
sify the ultrasonic signal's origin, transfer function of the bond system was considered

because of its inherent transducer independence.
Feature Selection Both methods of selecting features used the same

training set and test set of specimens. Both
One of the more critical steps in the imple- methods considered a two class problem, good or bad

mentation of any pattern recognition techniques is bonds. The bad bonds in this study were either
the selection of the best features to distinguish adhesive defects or cohesive defects. The adhesive
the different classes being studied. To aid in defects were caused by surface contamination as in
feature selection, a theoretical, computer gene- the earlier study [8], and the cohesive defects
rated model, based on Brekhovskikh's layered media were manufactured by undercuring the adhesive.
theory [12] was developed to provide a large set Features from the earlier study [8] were used to
of idealized ultrasonic transfer furction data for find adhesive problems and new features, deter-
a variety of adhesive bonding situations. These mined by a theoretical study, were added to find
transfer functions provided a means to select the the cohesive problems.
distinguishing features. These features were then
compared with the same features from the actual The first method of selecting features from
bond specimens to determine their usefulness. Fea- the Fourier transform provided rather reliable re-
tures found promising by other authors [2, 3, 4, sults, but again these results are only good for a
5, 6, 14, 15] were also considered and either in- single transducer. The training set of specimen's
corporated into the algorithm or rejected. The defect was predicted with 97% reliability by the
features used were primarily extracted from the Fourier transform alone. Then the test set re-
transfer function as shown in figure 4, and are liability dropped to 74% when using only the
described in more detail in reference [16]. Fourier transforms for feature value determination

(figure 5). In this case, as in the second case,
Algorithm Development a Fisher Linear Discriminant function was designed

to predict the adhesive bond defects.

After the entire set of bond specimens 
have

been ultrasonically inspected and the data stored The second method, using the transfer function
in the computer, the bond defect prediction algo- provided a 91% reliability for the same 64 bond
rithm may be developed. A fairly large set of specimens used in the previous training set. The
specimens must be used to produce an accurate bond algorithm was designed to produce an optimal loss
defect prediction scheme. The data set which in function reliability, which in this case was 97%.
this study included 154 bonds was Fourier trans- The loss function analysis concept allows for the
formed and the transfer functions were calculated, incorrect prediction of good bonds, but does not
The data set of features were then separated into tolerate incorrect prediction of weak bonds. Some-
two random groups, the training set and the test times adjusting the pattern recognition algorithm
set. The first set of 64 specimens was used in the to produce best function results decreases the
Fisher Linear Discriminant [8] function to calcu- total reliability of the algorithm. A test set of
late the optimal coefficients for the linear dis- 90 bond specimens was inspected and the transfer
criminant function. The same data set is then function based algorithm provided an 84% reliabili-
substituted into the Fisher Linear Discriminant ty, which was better than the Fourier transform
function's equation and the scalar result for each based algorithm for the same specimens (see figure
bond specimen is calculated. These scalar results 5). Also, the loss function results for this test
are then correlated with their respective failure set using the function approach was 91% reliable.
loads and a threshold for the good bond-bad bond
boundary is derived. The final task is to test the Preliminary Results for Honeycomb Study
second set of 90 unknown bond specimens with the
linear discriminant function so as to determine the The preliminary results for the Honeycomb spe-
bond defect prediction algorithm's reliability. If cimens are summarized in Fig. 6. Fig. 6 also com-
the reliability is not acceptable, the process must pares these data with other NDT methods, i.e. Neu-
be restarted using improved data acquisition, better tron Radiation (NRT), Optical Holography (OH)
signal processing and possibly different features. Ultrasonic: Resonance - Fokker Bond Tester (FBT),

Pulse Echo (PE) and Through Transmission (TT). All
RESULTS - ALUMINUM TO ALUMINUM STUDY defects have been detected and differentiated by

the combinded effort of the NDT methods presented
Two sources of feature values were considered in Fig. 6.

for this sample problem of adhesive bond defect
prediction. First, a more classical technique of Neutron Radiography Fig. 6a can detect clearly
selecting features from the Fourier transform fre- core Unbonds but not Skin Unbonds. Honeycomb de-
quency spectrum was considered, but this method is fects are detected by NRT but not as clearly as
dependent on one transducer as described by Rose by x rays (RT).17, 1A
and Thomas [8]. Their method used Fourier spectrum
features in a Fisher Linear Discriminant function Optical Holography can detect clearly all

to classify adhesively defective bond specimens and three types of defects presented in Fig. 6b - i.e.-

was 91% reliable for the design transducer. See Damaged Honeycomb, Skin Unbonds, Core Unbonds and

flqure 5. Any other transducer produced poorer differentiate them clearly from the situation of
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Figure 4. Features Selected from Transfer Function

Training Set Test Set

Reliability toss Function Reliability Loss Function

Rose and Thoms
Fisher Algorithm 96% 1002 88 0 lO0
(adhesive defect only)

Fisher Algorithm
Using Fourier 97% 100% 74% 87%

Spectrum Features

Fisher Algorithm
Using Transfer 91% 977 847 ql%

Function Feeturee

Figure 5. Sample Problem Results Compared with
Results of Previous Adhesive nond Study

Damaged

Unbonds Honeycomb

Specimen A Specimen B

Figure 6a. Neutron Radiographs of Specimens A & B of Fiq. 2b.
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Damaged
Unbonds Honeycomb

Figure 6b. Optical Holography NDT Results for Specimens
A & B of Fig. 2b.
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Note: Flaws with less than 0.5 inch diameter were not detected

Figure 6c. Fokker Bond Tester Results of Test Specimen A & B of
Fig. 2b Prof. # 1214: Adhesive FM-123-5
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Good bond

Core Unbond

Skin Unbond anid ',iiqe,' ,

Fig. 6d. iltrasonic Pulse tcho NDT Results for Specimens A i B of Fig. 2b.

the Good Bond (Fig. 6b). The optical Holography We see that the Hitra,,oni( te t reth',, hij t,,
method can not differentiate between the three full potential to dete t an di ',,ent1atl ! ,t,,
types of defects, the different types of defect,. A detail! ,,tud,

of the different par aeter of tie tra n-,ik t i l,
The specimens of Fig. 2b were bonded with the nsiy detect and clas,. ifv the defe(t,, in an hone,,-i,

FMI23-5 adhesive. It seems that for this adhesive structure by a s nmle rieasure,,ent. Co(wrieri ,
the Fokker Bond Tester is quite limited as the interests prefer the PE technique as thi, te hniQu,
B-Scale Amplitude for different bonded areas is need, access to only one surface and is more econ-
dispersed and it an hardly differentiate between mical then the through transmission tecOhique. In,
a situation of Unbond or a Void and a situation of new s,phistivated tehniqu, may in the futu,- voe-

Bonded areas, Fig. 6c. dict a s b-standard bond strength in a honey( {wit
structure.

The JTPt and IHTTT together can differentiate
between the four situations (good bond, SU, Ci, (ONCLIWIlIU'
damaged honeycomb). The FI technique can differen-
tiate clearly between the damaged honeycomb and A mior nncero of the adhes ie bosh n~j inlola-
skin unbond on the one hand and Good Bond and Core try has been the nonoli,tru(tive evaluaitiin of the
iUnbond on the other hand. But it does not dif- bond layer in an assemble .trij tur. !II,, ,tudv
ferentiate clearly between good bond and Ci or has 1roduced a (onpule a ilmen. ul tra'.oi te,t
between damaged honeycomb and SU (Fig. 6d). The bed ,ysteM which 1', fe ,ilied to tOIL and sovr
Through Transmission can differentiate clearly probles,, in (lasifvinq idhfesive bonding de (t,.
between damaged honeycomb and S in linbond and The tvops of prot levr, coosidered are not thev irs
between good bond and (ore Inhond. t1it it doe, not flaws such as delar'inatio.v, or debo d. IV the, o ,
differentiate clearly tetwPen ',' and "', (fi. fe . ouhtle dpfe ts so h ,, impsroper c,urf'(e 1 -L

a nl aib ,' vi ls"-v - r . ' tat I f the i t l It ,
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Skin Unbond Core Unbond

Good Bond Damaged Honeycomb

Figure 6e. Ultrasonic Through Transmission NDT Results for Specimens A & B
of Fig. 2b.

sonic data acquisition procedures, sophisticated [3] Chang, F.H., Kline, R.A., and Bell, J.R.,
signal processing and feature extraction methods, "Ultrasonic Evaluation of Adhesive Bond
and advanced pattern recognition techniques are Strength Using Spectroscope Techniques,"
incorporated in the test bed system, presented at ARPA/AFML Conference in La Jolla,

California, July 1978.
A sample problem of identifying improper sur-

face preparation or adhesive under-cure in aluminum [4] Couchman, J.C., Yee, B.G.W., and Chang, F.H.,
to aluminum step-lap joints has been solved using "Adhesive Bond Strength Classifier," Materials
the ultrasonic test bed system. An overall Veli- Evaluation, pp. 48-50, April 1979.
ability of 91' has been achieved for this classi-
fication problem. The success of this sample pro- [5] Alers, G.A., Elsley, R.K., Richardson, J.M.,
blem clearly indicates the potential of thc ultra- and Fertig, K., "Ultrasonic Measurement of
sonic test bed to solve many of the adhesive ond- Interfacial Properties In Completed Adhesive
ing inspection problems plaguing the industr) to- Bonds," presented at the ARPA/AFML Conference
day. in La Jolla, California, July 1978.
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NONDESTRUCTIVE EVALUATION OF FLAW CRITICALITY

IN GRAPHITE-EPOXY LAMINATES

S.N. Chatterjee and Z. Hashin
Materials Scienccs Corporation, Blue Bell, PA 19422

R.B. Pipes
University of Delaware, Newark, DE 19711

ABSTRACT

An analytical and experimental study is conducted to determine criticality of inter-
laminar disbonds by NDF methods. Criticality of such flaws in a shear environment (action
of shear near support) is defined in terms of crack propagation and is analyzed by prin-
ciples and methods of fracture mechanics. Growth of disbonds under cyclic loading is
also beinq studied. Failure under compressive loading in presence of a disbond is defin-
ed in terms of buckling and an elastic stability analysis is utilized for assessing cri-
ticality. Analytical predictions are compared with experimental results in both cases.

INTRODUCTION CRACK PROPAGATION IN SHEAR ENVIRONMENT

Various kinds of defects can cause Analytical methodology for stress anal-
relevant strength and stiffness degradation ysis rf a laminated beam containing two
in composite laminates, namely, (i) inter- symmetrically located disbonds as shown in
laminar disbonds, (ii) through-the-thick- Figure 1 has been developed. The mixed
ness defects, (iii) defects in bolted and boundary value problem of anisotr-pic elas-
bonded joints, (iv) impact damage, (v) ticity has been reduced to the solution of
fatigue damage. Different 'DI techniques a coupled pair of singular integral equa-
(active and passive), which are usually tions. This method of reduction has been
used for studying effects of such defects, computerized. For numerical solutions these
are listed b'low: equations are converted to a discretized
(i) Ultrasonics (modulus degradation meas- system. Evaluation of the unknown functions

urement and damage detection) appearing in these equations yields the
(ii) Accoustic emission (sequential record- stress intensity factors and strain energ

_ng of the damage growth process) release rates. Methods of analysis are
(iii) X-ray and thermography (visual and based on principles and mathematical tech-

real-time detection of defect growth) niques commonly used in crack problems of
(iv) Structural vibrations (stiffness de- linear elastic homogenous media. Details

gradation measurement) of the methods are omittec, here for brevity,
(v) Penetrants but can be found in 11].
(vi) Holography

This work is mainly directed towards BUCKLING FAILURE UNDER COMPRESSION
use of ultrasonics for detection and follow-
in; Qrowth of interlaminar disbonds. At- Buckling failures under compression
tempts are also being made to use measure- near disbonds can be expected in different
ments from wav propagation studies for types of structural configurations. Ore
estimating possible modulus degradation due example is a sandwich construction under
to damages induced by fatigue and moisture flexure with a disbond in the compression
conit ionino. Analytical studies are aimed flange (Figure 2a). For stability analysis
at: the delaminated compression flange is model-
(i) definition of required NDI observations, ed as a system of four interconrected beams
(,, model physically re, C istic damage (Figure 2b) . Beams 3 and 4 are considered

Modes as semi-infinite beams. Beams 2, 3 and 4

Ci3) assess propert, degradation, and flaiw are supported on an elastic foundation which
criticality, and can carry extensional and shear loads. The

C v) translation of results from test sys- foundation elast ic mod'ili (sprima constants)
tems to real world composite structures. are cal1-ulated from the ireoprties of the

Mechanical testin(Is are conducted to relate sand 4ich construct ion. All beams are anal-
observed state of manitude and geometry of yzeId with laminated beam theory includinq
damaqe and/or degradation to estimate re- the effects of shear deformat ions and pre-
sidual performance capability. Correlations stresses.
()f data from NDI, mechanical tests and anal- A stiffness formulition is employed and
yses are carried out to demonstrate feasi- the critical value of prestress needed to
bility 1,' using fundamental approach at -ause bucklinq (instabil ity in beam 1 is
laminate level for development of quantita- usually critical) is calculated by solvin
tive NDE of flaw severity in composites, the resulting eigenvalue problem by a trial

and ero procedure.
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locations in the laminate. The laminates

THICK LAMINATE BEAIMS were cured and subjected to ultrasonic

WITH IMPLANTED DEFECTS C-scan to locate the exact position of the

disbonds. Next the laminates were bonded
Graphite-epoxy thick beam laminates to a 24 lb/ft

3 
aluminum honeycomb (Hexel

with implanted defects of various geometries Corp.). American Cyanamid's FM-300/BR 1,7
were fabricated using AS3501-6 prepreg ma- sheet adhesive syster. was the bonding agent.
terial. The fiber orientation of the 10" The laminate with the near surface disbonds
long beams was f (0/90)01 and the defect was oriented so that the disbonds were far-
geometries were of squ~r, iamond and thest from the laminate-honeycomb inter-
"hourglass" shapes. The square defects face. The laminate-adhesive-honeycomb sys-
were fabricated by welding .001" thick tef- tem was cured together in an autoclave.
lon film into a tube. The seam in the Specimens of 1.0" width and 22.0" length
tube was put in the center of the Cefect so were cut using a rotary diamond saw (fig-
that the edges of the defect have the same ure 7). The beams were instrumented with
radius of curvature. The diamond and "hour- two strain gages (one on each laminate sur-
glass" shaped defects were fabricated by face) located at midspan parallel to the
shearing two layers of teflon film against beam longitudinal axis. The specimens were
an abrasive surface in a manner which caures tested ir a tension-compression load frame

the two layers of teflor. to remain together employing a four point bending fixture
after shearing. The defects were implanted with spans of four and 20" (see Figure 8).
between the center plies of the laminate at A strain rate of .05/ins/in/min was applied
the quarter-span position of the beams, to the beams.

Ultrasonic C-scans were made of all The strain from the compressive fa-e of
laminates before and after machining. All the beam was plotted on the X-axis and ten-
beams are precracked prior to testing in sile strain on the Y-axis using an X-Y re-
order to obtain a sharp crack front. The corder. Load levels at which variations
method used to precrack the beams is to from linearity occurred were noted. (Table 1)
subject the beams to three point bending The laminates with 0.5" disbonds may
with clamps placed at the boundaries of the have exhibited a catastophic buckling in-
defects. The clamps are used only during stal[ility. Ilie tensile and comprossive
the precracking operation to prohibit the strain increaised linearly until aidic:re oc-
defects from propagating completely through curred. The 1.0" specimens with disbonds
the beam. Attempts to precrack the 0.6" at the laminate mid-plane exhibited the
rectangular defects and the "hourglass" de- same type of behavior except the bucklc;
fects resulted in laminate flexure failure, of the laminate occurred in a stable 7inne-i
Attempts to precrack the 1.0" rectangular which was shown by the abrupt change !io'.
defects were partially successful. C-scans linear to nonlinear behavior. The specir .!,r
of these specimens after precracking are with 1.5" mid-plane disbonds exhibited the,
shown in Figure 3. Beam No. 12 is the only same gradual nonlinear response from the
specimen which exhibited the desired degree onset of loading followed by a quasi lineai
of precracking. Figure 4 shows the results response. The initial compressive strain
of precracking the diamond defect beams, of the tensile face laminate was due to the
Precracking of these beams occurs at a load initial out of plane deformat)on due to
of approximately 400 kg as compared with residual thermal stresses. The 1.5" near
600 kg for the 1" rectangular defect beams, surface disbonds were prebuckled to sach an
The results of precracking the diamond de- extent that the initial tensile strain on
fect beams are the most satisfactory. After the compressiv e ia continued to ian ase

precracking, three beams with diamond do- throughout the test. The buckling failure
fects and three beams with 1.0" rectangular mode is illustrated in a photograph (Fiq-
defects were loaded to failure which occur- ure 9).
ed due to catastropic growth of disbonds.
Figure 5 shows a magnified view of the in- CORRELATION STUDIES
terlaminar defects. Figure 6 depicts the
growth pattern of such flaws under cyclic Correlation of experimental results for
loading 12]. growth of delaminations in precracked

COMPOSITE SANDWICH BEAM [(0/90)60121 s laminated beams with defects

WITH IMPLANTED DEFECTS located in mid-plane under static loading
is given in table 2. Results from past

Test specimens are sandwich beam con- studies on a different laminate (not pre-
struction consisting of graphite-epoxy cracked) reported in 12) are also shown in
laminate adhesively bonded to an aluminum this table. The critiral values of strain
honeycomb core. The graphite epoxy system energy releas- rate from two sets of data
is AS-3501-6 CF. Two 23" panels were fab- reported in table 2 are of the same order
ricated in the following configurations, and show the same amount of scatter. It
where D denotes the disbond. appears, therefore, that precracking .o-s

10/+45/f45/0/D/0/145/;45/01 not have any significant influence on c'ick

O 4 [0/+45/+45/0/0/45/D/45/J propagation.
Experimental results from honeycomb

Dislonds were fabicated from 0.00L sandwich beam tests, reported in table 1,
rn h teflon film. The disbond lengths (L) are compared in figure 10 with the analyti-were 0.5)", 1.0", .. "Disbond strips were cal predictions. The results aqre-e well

implanted in the laminates on the longitudi- with one another over a wide ranqe of
nal mid-plane at the aforementioned wti
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Critical Flaws in Graphite Fiber Rein-

Defect Location Buckling forced Composites," NADC-76228-30,

Sample Size in Load January 1978.

No. (In.) Laminate (Lb.) Table 2
ENERGY RELEASE RATES

IT 1/2 Center 1345
10B 1/2 1477 Laminate Specimen Gc(lb/in)

1(04 45 1-1 5.63
3T 1 " 522 21 1-2 6.34
7B 1 661 T 1-4 2.94

12T 1 584 i
4 5

2/01 s'
s  

1-3 3.74
8B 1 " 661 Avg. 4.66

[(0/90) 1-1 4.37
6T 1.5 " 295 6 1-3 6.53
5T 1.5 " 309 1-6 5.02

1lT 1.5 " 293 012]s 1-6 5.2
9B 1.5 " 364 D-5 4.14

D-3 2.93

3B 1 Near Surface 22 Avg. 4.70

12B 1 " 22
7T 1 " 49
8T 1 " 29

INTERFACE LAYER

2 i 1

20 2

tz=zt 
-Ii

LX~x I -

j.C ~IDISBOND

a -

FIG. 1, LAMINATED BEAM CONTAINING DISBONDS
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FIG. 2A. SANDWICH BEAM
.~,.!.FIG. 2L, INTERCONNECTED BEAM SYSTJ1

ti

p PEI

11 12 13 14 is DI D)2 3 D04

FIG. 3. PRECRACKING SQUARE DEFECTS FIG. 4I. C SCAN OF DIAMOND DEFECTS

FIG. 5. MAGNIFIED VIEW OF INTERLAMINAR DEFECTS
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FIG. 8. TEST ON SANDWICH BEAM WITH DISBOND
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X-RAY STRESS MEASUREMENT IN ;RAPiIITE/FPOXY COMl'C ITES

P. Predecki and C. S. Barrett
University of Denver Research Institute

Denver, CO 80208

ABSTRACT

Small amounts (< 2 mg/cm) of Al and Nb fi ller powders were incorporated bt wict t, first and s- ,od
plies of 6-ply unidirectioal graphite/epoxy laminates. (Cu Ka 1 X-rays were diftrtctt'd frot speIii ic 'rvs-
tallographic planes in these fillers: 333 + 511 for Al and 411 + 3310 for Nb, yiving peaks in tie ha(
reflection region. The peak positions shifted linearly with stress applied to tht, laminates in til f ibri
direction and had stress sensitivities of 8.52 and 3.92 x IL

- 4 
deg 20/Mpa for Al anid Nh re spect ivtlv.

Elastic strains in the filler particles measured by X-rays were Iound to i he prpo11rti,)tl to tilt'Lorre-spOnd
ing composite strains measured by strain gages, in agreement with the mModel of Hi. T. iHaMlt. Residua lI
strains and stresses in filler particles were also mneasured.

INTRODUCTION (lte strain gage. Cu KaI X-rays diffracted by sp it -
i, crystallographLic planes in the filler particles

It has recently been shown that information (333 + 511 for Al and 411 + 310 for Nh) pass
about residual and applied stresses in non-crystal- through a mhnohromator into a dlector. St , i
line polymeric materials including polymer matrix in the particles appears as a shift it tie dii-
composites can be obtained by X-ray diffraction from fracted peak positions as required by the Bragg law.
small amounts of crystalline fillers incorporated
into tite polymer.(1-3) The method has the advantage Diffracted peak posit ions were determined using
that the filler particles can be placed at varying a standard procedure. k4) the ipper 1/ 1-1/4 of eac)
depths below the sample surface and can be chosen s peak was step-scanned and a parabola fitted to tilt
at to give sharp, well-resolved diffractio peaks at points by least squares. file apex of tile parabola
large diffraction angles. The disadvantage is that was taken as the peak position. Tile direct ion of
relations must be established between tite principal strain measurement in tie diffraction method Is

elastic strains measured in the filler particles defined by the angles 0 and relative to tilt- lami-
and the stresses in the composite. Thus far these nate axes 1, 2. 3 (Fig. 1). The three principal
relations have been found to be linear with several filler particle strains, assumed parallel to le
fillers at stresses below the yield point of the laminate atxes, are readily obtained from peak posi-
filler particles. Wde present here experimental evi- tion measurements using 3 different incident beam
dence for such linear behavior usine two metallic direct ions and the peak posit ion for an unst ressed
fillers; Al and Nb having promising properties for powder sample of the filler. Equat icns for a,'u-
technological applications. latitng the filler strains were presented elsewherv, 

)

For tile present applied stress experiments, onlv 1,4o
EXPERIMENTAL PROCEDURE directions of strain measurement were needed:

==o and O=o, P=45. For residual stresses, tite
Al and Nb metal powders of -325 mesh were direction = 90, y = 45 was added.

spread in a thin layer (< 2 mg/cm
2
) between the first

and second plies of uncured t ply unidirectional RESLTS AND DISCISSItN
graphite/epoxy laminates (Fiberite T-300/934, Fiber-
_ e coi'p, Winona, Minn.). The Nb powder (Fansteel Applied Stresses - The shift in the diffractiion an.l,
Corp., No. Chicago, Ill.) was vacuum annealed I hr 20 at *-1,0 with applied tensile stress ,,I in the
at 1300"C to sharpen the X-ray peaks prior to use. fiber direction Ls shown in Figs. 2 and 3 for lami-

Spreading of the powders was done as uniformly as nates containing Al atil Nb respect ivelv. The breaks;
possible by rubbing the powders onto the surface of in these curves at 150 and 6')0 NPa respe t iv' I v on
one prepreg ply and shaking off particles which did the first loading are thought to be due to yielding
not adhere. The laminates were laid up in 7.62 x In the filler particles. If the samples art loadtd
30.48 cm stacks and cured using the recommended pro- above these filler yield points, then ton rel,'as ,,t
cedures for this prepreg. SEM and energy dispersive the load the 2t) values are lower than bl-ore tlt-
X-ray analysis of cross-sections of cured laminates first loading (Figs. 2 and 3) indicating th..t a com-
showed that transverse migration of filler particles pressive strain contribution remains after unloading.

Into adjacent plies during curing was negligible. Possible reasons lor this contribution are that te
surrounding matrix is compressing the vielded partt-

Longitudinal tensile samples 15.25 x 1.905 x cles in the fiber direction tin unloading or that
.089 ctms thick were cut from the cured laminates, pseudo macrostresses are present in tilt, particles

tapered aluminum (2014-T6) end-tabs were applied and themselves, resulting from the plastic deformatiton!
|)

a strain gage (2 element, 90* stacked) attached near The slopes of the lines below the yield point lit

the center of the gage area of each sample. Samples Figs. 2 and I are termed the stress sensitivities, S.

were held in clevis grips in a small tensile frame ot the filler and are listed in Table I.

mounted on a Siemens diffractometer as described
elsewhere. (2) The mean filler strains in the fiber direvt tin

If And normal tot the laminate i if were calculated
The principle of the method is shown in Fig. 1. from the X-ray peak shifts below the yield point lot

X-radiation is incident on the laminate sample near the second loading. The results are shown in Figs.
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TABLE I

Stress Sensitivities and Hahin Factors of Fillers

Filrad (dr f/Ido 1*)/(d, 1*/do 1 *)E E11  S(10-
4
deg 2/ia)

Lodig vcea)
1 
- 1 (105 MPa) 'f (105 MP.) Exikeriment Theory (Eq.3

Al
Ist loading --- -- .7034 .347 1.06 8.39

2nd loading .267 .184 .7034 .347 1.06 8.65 6.54

N1,

1st laoding ---- 1.035 .38 1.20 4.12--
2nd loa din g .154 .22 1.035 .38 1.20 3.72 3.50

m id f data tor Al from ref. (4). for Nb from ASH Metals Handbook, 8th ed., 1961, Vol. 1, pi. 1202.

and 5 tot Al and N1t rcspt'ctI ively. Long itu d inalI itt the fil ler particles in cured laminaites aft t-r 1/2
and t ransver Se strain gage at ra ins c I and '2 * yr storage under ambient 'ontd it ions are listed fi
divided by ten irei shown for comparison. The data Table TT. The principal stresses In the fillers
tLi I I n st raighit lines with in experimental error. calculated from the strains assuming iso tropic f il-
The ratitios .t the slopes; (d? lf/dcil*)/(d, l*/do 1 * ler properties are also shown. The standard devia-

i hvse fi gores are given fit Tabl it1. t ions in residual f illeIr stresses obta ined from
dulIicat e measurements were 5.7 MPai for Al atnd

it has 1teni proposed bv lahn(
7

) tltat fit a par- 1 47 1,11a for Nb. The- larger standard deviation withi
t ICUtItoe -aMItit- tite mean natrix stress, o 0 is the Nb fillecr is due to the larger part i.l ,s12-,

- :tii,-t I roport ional to the meait filler stress o i and fewter part i cles of the Nb powder usedi wi h r; -
wit.i tioe ir inalitv .instat. Fo. the iso- stilted in a motre non-Uniform distribtion of dif-

.ise. fractitng particles itt the itrridiated aria and a
greater st andard dev ia tion it 2f mteastirement s t bait

Fr tuidir- Itila imp, ite. if -,I, and -,If are TABI F I1I
ri it.1 ion -er rtes, ,tuiottnt is ; it ias teen

showu tiit it smiai vlime frat tiotis of filler, Residual Straits atid Stroisses in Fillet Pittiles
thie bitt t i tatr in Un id iretti onta la I it11.tc s

-~ E - (2) H-i cr is t ra i ns St resis (HIta)

Fil ler '1 2 3 1 2 '3

whr E~ nIs tire Ytiotng's moiduluts ait the matrix,
taken is 1.45 x lo' Mlliu (0.5 x I0'n psi) intl Ef is Al 439 - 56 -218 27 1 .5 - 4. 2

hi Yi- agos motdu Iuis il te .[Ii I er. Va lies of o11
i Ii tlit o ( tram eq. (2) usi g flit, ratito of slopes Nit 5713 -307 -286 ii. t, -25.4 -23.8

'n lable I 're given iii Table, 1. Ktnowing -i ad
issitmitg that 31* is the ittiv tin-zerti stress, an
exprtessioin fit the stress setisit iv ity, So can lie lii values fin Table I I reqitirv experiments
det ivod. (2) with ti llers In neat resii before' their sigitificaic'

cain lie fit INIs assissed ; hoiwiever,* I htv allI shtow the

S .2 2P! sam t rend.- The stresses and straints in) the fiber

.- f j' E ~ -I_ ih ra/~ ir titn -ire algebtaitallv the tt.ir-t , indliat ig
iii 13) j rtesihual tensilei stress In thet t-slit it) this

diret tion. The remaining two stresses are sitilI
Values of itc Ictilateti friott eq. (31 atnd obtailned i-ant lv smalIler and not great ly dift irent from zero.
from thle data fit Figs. 2 and I are comparedi it Tho'v result frtom di fference's in liissiiti ottact Ion
iible i . lht' agreemenit ik teasoinabtle itt view (if tttd thtermalI expansion cioeff icient hietwt-en the resin

the assumpt ionts requmired for eq. ii). Equat fui anTti thu- I fi1er.
1) also preickts appromximately acoinstant slope z

far the IInt's in Figs. 2 and I belotw thre vie It ACKNOII IXIEHE.l-NTS,

pouint , as otbservedh. D)51 rabl -' f IIlet lirtilert Its
fir lAght stress sensit lvltv ire ttbviougtly a olit- 1he s.ttttles were klnthlv fabtitiated for 'is it

trictioin peak at large or and a smallI I I cr mioidulus th. Mairt iii-Marlett- Co. D~enve'r Divisioni by A. Laper,
HidIabit far tor. Al and Nb possess the hi ghest S K. .oolieko itih R. Catmpbel I . The teseari It was sup-

vaklues if candidate fi I Itrs tested ti date with 1-ti by flit' Air Fit- ,tffi, v i Si init lIfii

Cu~i radatioi' k-t ir, t grant or 77-31184.

Resildu~al Strtesses - The pr inciplp~ residutaI st ra Iins
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STATI TIr CAL FVALUAT 1l! (1 SOU .s tOF A'('USTI 1 !1 lsSIqf: 1:; C!V';0SITI

L. J. Graham
RockwelI International Sc lence Center

Thousand Oaks, CA 913b0

APSTRACT

Acoustic enission (Ar) signals that are generated by different microscopic processes during flaw
growth in graphite-epoxy specimens have measurably different characteristics. In Iarticulr, tie aipIi-
tudes of the emissions and a parameter that describes their frequency spectral content seem to give the
most information about the processes. These parameters have a range of values for a given process which
can be described by certain types of analytical distribution functions. When several processes occur
simultaneously during flaw growth, such as epoxy crazing, fiber fracture, fiber-matrix dishond and inter-
laminar cleavage, the distributions in the values of the AT parameters generally overlap so that identi-
fication of an individual AE signal as being caused by a particular process is not possible. However,
statistical evaluation of the data for a few hundred events in teris of the analytical distributions,
once the shape and modal value of these distributions are defined for each process, should provide a
quantitative measure of the relative amounts of the various processes which occurred. Analyses of many
data sets are required to develop confidence in the decomposed distributions as being descriptive of the
individual processes. The ultimate purpose for this determination is to provide a description of the
stage of flaw growth froiTm the quantitative knowledge of the types and the amounts of the microscopic
processes which occurred.

IITRODUCTION these trends. The amplitudes of the A[ (the center
scatter diagrams) also show that some of the ,iecha-

The purpose of this study is to determine the nisms in tension are more energetic than those
current mechanical state of a composite by acoustic operating in compression.
emission (AE) signature analysis and from that
knowledge predict its remaining lifetime. Several ANALYSIS OF RESULTS
laboratory specimen configurations were used in
interpreting the signatures of the A[ from the The scatter diagrams of Posters 2 and 3 are
different fracture mechanisms, i.e. matrix frac- useful in showing trends in the acoustic signatures
ture, fiber fracture, fiber-matrix dishond, fiber but cannot provide quantitative information about
pullout, delamination. The data presented here are the amounts of the different fracture processes
all from specimens with the triangular reduced which occurred. This information can be obtained
cross-section shown in Poster 1. from the data by forming number distributions

(cumulative or differential) of the events based on
FXP[RIMEUNTAL RESULTS the values of one of the parameters of those event

for various time periods throughout the tests.
Specimens with the triangular reduced cross- These distributions are then deconposed into their

section were loaded in four-point bending so that component distributions due to the various mecha-
the high stress region at the apex of the triangle nisms which occurred during each time period.
was either in tension or compression. Some speci-
mens had never been exposed to water and, others ecomposition of Aplitude fistributions - Poster 4
were fully saturated by soaking in 98C water for shows the method and results of decomposing ampli-
several days. The relative amounts of the several tude distributions for the four specimen condi-
possible fracture mechanisms were different under tions. It is realized that any such decomposition
these four test conditions of otherwise identical is not necessarily unique and that evidence for the
specimens which permitted identification of the reasonableness of the decomposition must he estab-
acoustic signature of those mechanisms. Posters 2 1ished. In modeling the shape of the amplitude
and 3 show some aspects of the acoustic signatures distributinns for the individual mechanisms it was
that can he obtained from among the 23 paraneters realized that the power-law distribution function
collected tor each A[ event by the Acoustic Fmis- traditionally used to describe At amplitude data
sion Multi-Parameter Analyzer (AFMPA) system. The was not appropriate, particularly when i.tore than
most useful information in the acoustic siynature one nechanisi occurs within the analysis time
was in the aplitudes and frequency spectra of the period. The power-law distribution function, N=N 0
A[. For exaiiple in Poster 3 the trends in the fre- (V/Vo)-, iriplies an unbounded range of possible
quency spectral amplitude ratio (the four scatter amplitudes for a given mechanisn with an infinite
diagrams at the bottom) are quite different for the nuiher of events approaching zero amplitude.
tension and compression tests. Here, the ratio of
the peak amplitude at 56kh!z to that at 560(khz for The extreme value distribution function which
each A[ event is plotted as a point at tt. time was used in the present analysis, Poster 4, is
that the Al event occurred. for the tensim', speri- identical to the power-law distribution for large
men this spectral amplitude ratio shows definite ai~plitude values but includes the condition that if
trends froo about -SdP to -30dl to *2fldr as liffer- an increnent of fracture occurs by a given mecha-
ent fracture mechanisms occurred during the lnading nism, the amount of energy released has a minimu-r
history. The data for compressive failure, which valje related to the parameter Vn . Thus V takes
is dominated by a single mechanism, dio not show on a significance that it did no? have in fhe
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power-law description of the amplitude distribu- The first attempts to decopose the experi-
tion, the modal value for the mechanism, while No mental spectral type distributions, such as the
and b are still the number of events due to that ones shown on Poster 5, were made with the arbi-
mechanism and the spread in the amplitudes (or trary restriction that the shapes of the differen-
energies) of those events. tial distribution peaks be symmetric about their

modal values. It was found that in addition to the
The example on Poster 4 for the first 500 AE symmetrically shaped distributions centered at -16

events detected from a wet tension specimen (Speci- dB, -4.5 dB and 5.5 dB, which are apparent (and are
men &SW-83) shows decomposition of the experi- indicated) on the figure of Poster 5, curve fitting

mental amplitude distribution into cumulative required distributions centered at -12 d3, -8.5 dB,
distributions due to four mechanis:ns, each with -1.5 dB and occassionally a small peak at -23 dB.
their own values of b and V0 . These values should With these six (or seven) distributions, curve fit-
not change unless the material properties change, ting to the experimental distributions, as in
e.g. wet vs. dry, but the number N^ for each mecha- Poster 5, could be done with extremely small least
nis.n may change with time or loading conditions, squares residuals by just changing the number of
and may be zero under some conditions. events in each individual distribution for the

different time periods of the test.

Inspection of the table of decomposed distri-
butions in Poster 4 shows this to be the case, par- A very convincing conclusion about the validity
ticularly for the wet compression specimen (Speci- of the decomposition of the spectral distributions
men #LSW-82). At times during the test, the ampli- would be if the nuiber of decotaposed distributions
tude distribution shows that only one mechanisin was and the number of events in each of these distri-
operating and at other times either two or three. butions were in agreement with the decomposed
In each case these distibutions have the same amplitude distributions for the same time
values of b and Vo that were found for identical periods. This would indeed strongly indicate that
specimens tested with the fibers at the apex of the separate mechanisls had been identified, each with
triangle in tension although the values of N are its distinctive distribution of AE amplitude and
quite different. Decomposition of the amplitude frequency spectral characteristics. This corre-
distributions for specimens from the dry material spondence has not yet been found, however, which
result in somewhat different values of b and V as leaves nagging questions about restricting the
expected but are also less consistent. Part o? the analysis to symmetric distributions and about over-
inconsistency may be due to a shallow layer of fitting the experimental data. More analysis is
moisture absorbed during specimen fabrication required to answer these questions but the results
although this can not explain all of it. so far are encouraging that this analysis will be

fruitfull.

Decomposition of Spectral Type Distibutions - CONCLUDING REMARKS
Unlike the amplitude distributions, there has been

no prior history of spectral type distribution ana- If AE signature analysis is successful in quan-
lysis and no theoretical development of the func- titatively assessing the amounts of the various
tional form of these distributions. While the source ,nechanisms which occurred during a smnall
modal value can reasonably be expected to be load increment, then, in those cases where the flaw
related to the specific type of inechanisn froi past grows by a well defined sequence of mechanistic
studies, the shape of the distribution is thought steps, a description of the current state of the
to be related to details of the localized surround- flaw can be made. Combining this information with
ings of the source and perhaps the orientation and stress analysis and fracture mechanics, as outlined
size of the source. For example, the AE due to the on Poster 6, leads to .he possioility for life pre-
tensile fracture of graphite fibers are expected to diction for a composite structure.
have similar frequency spectra modified slightly by
the distribution and spacing of nearby unbroken ACKNOWLEDGMENTS
fibers, the radial distribution in the thickness of
the surrounding epoxy, the local interfacial bond This research was sponsored by the Center for
strength between the fiber and the epoxy, the local Advanced NDE operated by the Science Center,
stress distribution, the occurrence of a single Rockwell Internati-nal, for the Advanced Research
fiber fracture or an avalanche of fractures, or a Projects Agency and the Air Force Materials Labora-
nuanber of other localized differences. Analysis of tory under Contract No. F33tl-74-C-513U. The
these effects on the shape of the spectral para- efforts of R. Govan in specimen fabricatior and
meter distribution was not attempted at this testing and Dr. R. K. Elsley and G. Lindberg in
time. Decomposition of the experimental distri- computer software development are gratefully
butions was strictly empirical, acknowledged.



PURPOSES:

" DETERMINE THE CURRENT MECHANICAL - "
STATE OF A COMPOSITE. .

" PREDICT ITS REMAINING LIFETIME.

APPROACH: -

* IDENTIFY CHARACTERISTIC ACOUSTIC .
EMISSION SIGNATURES USING MULTI-
PARAMETER ANALYSIS.

" RELATE AE SIGNATURES TO SPECIFIC
FLAW GROWTH MECHANISMS.

" COMBINE THIS INFORMATION WITH
FRACTURE MECHANICS ANALYSIS TO
PREDICT REMAINING LIFETIME.

EXPERIMENTAL METHOD:

* UNIDIRECTIONAL GRAPHITE-EPOXY -,
COMPOSITE (AS/3501-5) TESTED DRY
AND HYDROTHERMALLY AGED. .

* FOUR-POINT BEND SPECIMENS WITH .

VARIOUS ORIENTATIONS AND
GEOMETRIES TO ENHANCE SPECIFIC
FRACTURE MECHANISMS. SPECIMEN DESIGNATIONS. XY:

* USE MULTI-PARAMETER ANALYZER AND LS - FIBERS IN TENSION. CRACK GROWTH THRU THICKNESS
MINICOMPUTER TO COLLECT AND LS FIBEF 'N COMPRESSION. CRACK GROWTH THRU THICKNESS
ANALYSE ACOUSTIC EMISSION DATA. LT FIBERS IN TENSION, CRACK GROWTH TRANSVERSE

" OBTAIN LOAD CURVES, VISUAL OBSERVA LT FIBERS IN COMPRESSION, CRACK GROWTH TRANSVERSE
TIONS AND SEM PHOTOGRAPHS TO TS TeNSION NORMAL TO FIBERS. CRACK GROWTH THRU THICKNESS
IDENTIFY FRACTURE MECHANISMS. TL - TENSION NORMAL TO FIBERS. CRACK GROWTH ALONG FIBERS

l ib . ,, .. ..., , -" ~ n ... . l . .. . . ... . . .. .. ... .. .. .. . / it . .. . .... . ... ... ... ii . . . . .. . . . .. . .. . ... . .



AE SIGNATURES
TENSiON 'DRY COMi$10. - DRY

. . . . . . . .

* LOAD - WHEN DRY, COMPRESSIVE
STRENGTH IS GREATER. -\

AE EVENT RATE - QUITE VARIABLE o = . N, .4 e ,ooo
WITH TIME AND FROM SPECIMEN TO . . . . . .

SPECIMEN. INDICATES DAMAGE
RATE.

* AMPLITUDE - LARGER AMPLITUDE : -
°  I 11

EMISSIONS DUE TO TENSILE FRAC- o .o
TURE OF FIBERS AND INTERPLY .

DELAMINATION WHEN TESTED IN
TENSION.

3 -I

RATIO OF AMPLITUDE IN TWO . ,

FREQUENCY BANDS - THIS DEFINI-
TION OF FREQUENCY SPECTRAL .T
TYPE SUGGESTS:

1. FIBER FRACTURE IS HIGHER
FREQUENCY.

2. DELAMINATION IS LOWER
FREQUENCY. 2..

3. FIBER-MATRIX DEBONDING AND ....
MATRIX FRACTURE ARE INTER- . .
MEDIATE FREQUENCY. 34 "

4. DELAMINATION TENDS TO
CREATE LARGER AMPLITUDE.

5. MATRIX FRACTURE TENDS TO
LOWER AMPLITUDE.

6. FIBER FRACTURE IN COMPRESSION I
TENDS TO LOWER AMPLITUDE. m Ao io. 00 .,.

!IME S I ic, -



AE SIGNATURES
TENSION - WET COMPRESSIONI WET

4

* LOAD WHEN WET -TENSILE 3 "
STRENGTH IS GREATER.

0
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~ 40
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* AE EVENT RATE - VARIABLE. -,
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LOWER AMPLITUDES WHEN -

WET AND WHEN TESTED IN ,0
COMPRESSION. j __
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20 20

* RATIO OF AMPLITUDE IN TWO
FREQUENCY BANDS - SIMILAR 0
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DECOMPOSITION OF AMPLITUDE DISTRIBUTIONS BY CURVE FITTING

THE AMPLITUDE DISTRIBUTION FOR EACH A CHECK ON THE REASONABLENESS OF THE
ACOUSTIC EMISSION MECHANISM (MATRIX DECOMPOSED DISTRIBUTIONS IS THAT THEIR
FRACTURE. FIBER FRACTURE. FIBER MATRIX SHAPE AND MODAL VALUES REMAIN CONSTANT
DISBOND. ETC.) WAS ASSUMED TO HAVE THE THROUGHOUT A TEST OR CHANGE IN A
FORM OF AN EXTREME VALUE FUNCTION RATIONAL WAY THE NUMBER OF EVENTS IN

EACH DISTRIBUTION WILL CHANGE DURING A

(_y_ bjTEST AND WILL REVEAL THE MIX OF THE TYFES
N N

o 
1 .OF PROCESSES OCCURRING

CHANGING MATERIAL PROPERTIES. E.G. BY
EXPOSURE OF THE COMPOSITE TO WATER.

WHERE N -CUMULATIVE DISTRIBUTION MAY CHANGE THE MODAL VALUES AND
V -PEAK VOLTAGE AMPLITUDE Of THE AE SHAPES OF THE DISTRIBUTIONSL
N
O 

NUMBER OF AE EVENTS IN THE SAMPLE
V
O 

MODAL AMPLITUDE VALUE OF THE
DISTRIBUTION

S-SHAPE OF THE DISTRIBUTION SUMMARY OF DECOMPOSED DISTRIBUTIONS

..... E I.NTAL DoATAoo
-- ODIL CURV 1 t 1.1 T o

72 ii Mo .T.LLEo * o1t

0061. ...... ...

. ..... . -. . 0 7 04

S0007. 110 : 0 040 0 1 O

1,, 0,0,. ,7 20 7.0 0 0

0 0000 07. 00 ., 7.0~o . .+0,,l ,,
43707 0007.0 43040 7.7o4 40043

Poster 4

DECOMPOSITION OF SPECTRAL TYPE DISTRIBUTIONS BY CURVE FITTING

SPECTRAL TYPE IS DEFINED AS THE RATIO OF CAN THESE DISTRIBUTIONS BE DESCOMPOSED
THE AMPLITUDE OF AN AE AT LOW FREQUENCY INTO COMPONENT PARTS WHICH CAN BE

TO THE AMPLITUDE AT HIGH FREQUENCY. ASSOCIATED WITH SPECIFIC MECHANISMS'

THE FIRST ATTEMPTSWERE EN(COUAAGING

NUMBER DIST RIBUT IONS OF AE EVENTS BASED WILL THE COMPONENT AMPLITUDE AND
UPON THIS SPECTRAL TYPE PARAMETER VARY SPECTRAL TYPk DISTRIBUTIONS AGREE IN
SYSTEMATICALLY DURING A SPECIMEN TEST ASSESSING THE AMOUNTS OF THE VARIOUS
ASSNEW FRACTURE MECHANISMS OCCUR AE SOURCES

THIS REMAINS TO BE ANSWERED

14 QUANTITATIVELY ASSESSING THE AMOUNTS
";; +. '-- +: L: . ! " OF THE VARIOUS SOURCE MECHANISMS WHICH

"; ;, ' .,OCCURRED DURING A SMALL LOAD INCREMENT

J --- "- 2 _ /THEN, IN THOSE CASES WHERE THE FLAW GROWS
.b 5P~lr ( " " -'. ! BY A WE L L DE F INED SEQUENCE OF MECHANISTIC• +. / k iSTEPS AADESCRIPTION°OfTHE CuRREIT STATET A" -B  AD

": i :i \ i COMBINING THIS INFORMATION WITH STRESS" i }ANALYSIS AND FRAC'fURE MECHANICS LEADSTO THE POSSIBILITY FOR LIFE PREDICTION
, T , + ;- K - ; , :, fOR A COMPOSITE STRUCTURE

Poster_ 50 0
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LIFE PREDICTION USING AE SIGNATURE ANALYSIS
PROCEDURE STEPS RESULTS

APPLY A REALISTIC PROOF LOAD TO A DETERMINE SERVICE LOAD SPECTRUM. PREVIOUS MAXIMUM SERVICE LOAD OR
COMPONENT AND MONITOR ACOUSTIC LOCATE ACTIVE REGIONS IF MORE THAN EXTENT OF PREVIOUS DAMAGE i HROUGH
EMISSION ACTIVITY. ONE. MINIMIZE FURTHER DAMAGE DUE KAISER EFFECT.

TO PROOF LOAD.

COLLECT A SAMPLE OF ACOUSTIC LOCALIZE DATA SET TO ONE ACTIVE RELATIVE AMOUNT OF VARIOUS FRACTURE
EMISSION EVENTS USING MULTI. REGION. OBTAIN SAMPLE FOR EACH MECHANISMS WHICH OCCURRED THROUGH
PARAMETER ANALYZER. ACTIVE REGION. ACCOUNT FOR GEO- AMPLITUDE AND SPECTRAL TYPE DISTRI

METRICAL EFFECTS IN SIGNAL. BUTIONS. LOAD LEVEL AT WHICH THEY
OCCURRED.

CALCULATE STRESS DISTRIBUTION ACCOUNT FOR COMPLEX STRUCTURE. MAGNITUDE AND THROUGH THICKNESS
FOR EACH ACTIVE REGION AT PROOF ACCOUNT FOR PLY ORIENTATION. LOCATION OF MOST PROBABLE CRITICAL
LOAD. DETERMINE THROUGH THICKNESS DIS- STRESS COMPONENT.

TRIBUTION OF TENSILE. COMPRESSIVE
AND SHEAR STRESSES.

APPLY FRACTURE MECHANICS ANALYSIS. ACCOUNT FOR MATERIALS PROPERTIES SEQUENCE OF MECHANISTIC STEPE IN THE
ACCOUNT FOR PLY LAY.UP AND INTER GROWTH OF A FLAW TO CRITICALITY
ACTIONS. DETERMINE FRACTURE
CRITERION.

PREDICT FUTURE SERVICE CONDITIONS. ESTIMATE LOAD SPECTRUM. ESTIMATE FUTURE FLAW GROWTH RATE
ENVIRONMENTAL EFFECTS.

*PRESENT MAXIMUM FLAW SIZE AND TYPE AT EACH ACTIVE LOCATION AS A FUNCTION OF ITS
ASSUMED LOCATION THROUGH THE THICKNESS.

CONCLUSIONS:
PREDICTED SERVICE LIFE BASED ON PRESENT FLAW DESCRIPTION, SEQUENCE OF MECHANISTIC
STEPS. AND FUTURE GROWTH RATE.

Poster 6
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DIGITAL DISPLAY OF ACOUSTIC HOLOGRAPHIC IMAGES

J. W. Brophy, A. E. Holt, J. H. Flora
Nondestructive Methods & Instruments Section

Babcock & Wilcox Company
Lynchburg, Virginia 24505

ABSTRACT

Acoustic holography is an elegant and accurate technique for characterizing defects by forming
visual images of them. Traditionally, optical reconstruction methods have been used to display the
images but due to constraints of the optical systems, digital reconstruction techniques are now being
employed.

INTRODUCTION

Optical reconstruction of scanned acoustic
holographic information on 3 transparency is
accurate and relatively flexible but it suffers
from various constraints due to the magnification
factor that must be applied to the reconstructed
defect images. These constraints limit the ease
in interpreting defect images for the purpose of
characterization.

The major influences on the magnification
factor for the optical image are the dependence
on the depth of the defect in the material and
the frequency of the interrogating sound beam.
Reconstructions of a test block with flat bottom
holes in the shape of a "Y" pattern at different
inspection frequencies shows the effect directly.

Computer reconstruction of acoustic holograms
eliminates most of the display problems associ-
ated with optical images because the image size is
no longer directly dependent on frequency or
defect depth. The only limitations are from the
particular display device being used. Elimin-
ating the magnification factor variables make it
possible to create images that are composites of
several images as functions of depth, frequency,
or just displacement on the inspection surface.
Display and fitting together of images taken at
different inspection angles can be used to create
three-dimensional views of defects also.

To make composite images meaningful, all the
images must be made relative. The method we use
is to form binary images and then threshold the
noise portion out of the image before forming
any composites. A means of systematically detei-
mining the "best" threshold for each image has
been developed and is being expanded in use.
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ULTRASONIC HOLOGRAM FORMATION BY A
SCANNED TIME GATED PULSE-ECHO SYSTEM

FOCUSED
SCAN TRANSDUCER

FRONT SURFACE

ULTRASONI C/ TRANSITT

ENERGY TIE \FIGURE 1: SCANNING TRANSDUCER GEOMETRY

IME GAEDVO

BACK SURFACE

FLAW

SIGNAL PROCESSOR

FIGURE 2: ELECTRONIC PROCESSOR SCHEMATIC

VTASCE.vEM

MOVA:LUE HELIUM-NEON FIGURE 3: OPTICAL IMAGE RECONSTRUCTIONMIRRR LASER

LENS HTHE IMAGE MAGNIFICATION FACTOR IS GIVEN BY:

N =( * F) / (vM * RI)

WHERE
= constant

A IMAGE LENS PIN-HOLE MIRROf F = ultrasonic frequency

SCREEN AP TUIR 1.n v= sound velocity in the material

R, = sound travel path to defect

TV MONITOR
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OPTICAL RECONSTRUCTION OF TEST BLOCK IMAGES

j ,," 4rm.. FIGURE 5: 3 MHz OPTICAL IMAGE
1200 2--.

FIGURE 4: ALUMINUM TEST BLOCK SCHEMTIC

FIGURE 6: 5 MHz OPTICAL IMAGE

TABLE 1: DISADVANTAGES OF OPTICAL IMAGE RECONSTRUCTION

A) FINAL IMAGE SIZE IS DEPENDENT ON DEFECT DEPTH,
INSPECTION FREQUENCY AND MATERIAL VELOCITY.

B) DEFECT SIZING IS DEPENDENT ON OPERATOR.
JUDGEMENT AS TO "BEST" IMAbE.

C) COMPOSITE IMAGES FROM DIFFERENT DEPTHS AND/OR
FREQUENCIES ARE VERY DIFFICULT TO CREATE.

D) OPTICAL BENCH SET-UP AND ADJUSTMENT
REQUIRE A SKILLED OPERATOR.

TABLE 2: ADVANTAGES OF DIGITAL IMAGE RECONSTRUCTION.

A) ELIMINATION OF IMAGE SIZE ON DEFECT DEPTH,
FREQUENCY AND MATERIAL VELOCITY.

B) COMPOSITE IMAGE FORMATION FROM DIFFERENT

DEFECT DEPTHS AND/OR INSPECTION FREQUENCIES.

C) II4AGE ENHANCEMENT USING DIGITAL TECHNIQUES.

D) DEVELOPMENT OF "INTELLEGENT" IMAGING HARDWARE.

E) EVENTUALLY WILL BE ABLE TO DO NEAR
REAL-TIME IMAGING.
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I.I

FIGURE 8: DIGITAL TEST BLOCK IMAGE
TWICE ACTUAL SIZE

FIGURE 7: DIGITAL TEST BLOCK IMAGE
FIVE TIMES ACTUAL SIZE

tM• .. 4 A.:l,.

iji

* .r' €-

-. I" 'C( " :'" .

.,-, ' FIGURE 9: DEPTH COMPOSITE OF ACTUAL DEFECT

.,110 !, , AFTER DIGITAL IMAGE RECONSTRUCTION

THA T -HE SCNE APRTR . FI kl
TOTAL LEGT 9. NCE

ILE2NGT = 2.

FIGURE 10: DEPTH AND LOCATION COMPOSITE OF
~AN ACTUAL DEFECT THAT WAS LARGER

IHAN THE SCANlNER APERTURE. --... % .. ..

TOTAL LENGTH =9.4 INCHES
TOTAL WIDIH .45 INCHES FIGURE 11: RECONSTRUCED MAGE OF A SID-

DRIL LED HOLE: LENGTH4 AND WIDTH
ARE DIRECTLY MEASURABLE FROHI
THE IMAGE.

LENGTH 2.55'

WIDTH = 0. 13"
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BItPRY IMAGFS
THRESHOLD EFFECT -ON J IMAGE %SIZE !

-H.3 4.Y5",.' A" !'!

jG68A .4004 2.4250

CLAD FLAW IMAGES A B C
IMHZ INSPECTION

FREQUENCY
14ICH I t.11.11

FIGURE 12: THRESHOLD EFFECT, FOR NATURAL
DEFECTS. ONE PRESSING PROBLEtt
IS IMAGE QUALITY CRITERIA.
WHAT IS THE "BEST" IMAGE
DISPLAY THAT CORRECTLY SIZES
THE DEFECT.

.' 3 i ?C Ien

-,1-

.0 27

-I 2 .

,ppr" 4ntr

FIGURE 13: RELATIVE PARTIAL SUMS (RPS) PLOT
TO DETERMINE "BEST" IMAGE DISPLAY

DEFINE S GRAND SUM OF THE ENTIRE IMAGE ARRAY

M MAXIMUM VALUE OF A POINT IN THE ARRAY

Ti  THRESHOID VALUE

THE RELATIVE PARTIAL SUMS ARE THE SUMS OF THE

ARRAY ABOVE THRESHOLDS Ti AND NORMALIZED WITH
RESPECT TO THE GRAND SUM.
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1MHZ IMAGES A t:

-. . . . . . ... J

m 14 1

- ,

3 HZI s ..
I>

-, . r I

"'

FIGURES 14, 15, 16: IMAGE CHANGE DUE TO INSPECTION
FREQUENCY FOR A NATURALLY
OCCURRING ROUGH SURFACE DEFECT
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ACOUSTIC MICROSCOPY VIA SCANNING

A. Atalar and C. F. Quate
Edward L. Ginzton Lsboratory

Stanford University, Stanford, California 94305

ABSTRACT

We offer via posters some of the latest images recorded with the scanning acoustic microscope
operating near 2.5 GHz.

Our report at the 1978 Review included a des- The central points of interest in this material are
cription of the scanning instrument which had been the various regions cf high reflectivity (bright
scaled up in frequency to 3 GHz. This was accomp- regions) in the acoustic images. The corresponding
lished in large part by fabricating acoustic lens points in the optical images reveal nothing. But
with smaller radii and by heating the liquid to as the sample is etched the bright points in the
reduce the absorption. In our report for this acoustic field turn out to have a much higher etch
year, we will present the results of our material rate and they form small surface cavities in these
studies as carried out with the new instruments regions. We are unclear about the origins of
operating near 2.5 GHz. We will include results these pits. They might be attributable to
on four different materials - steel, Cobalt-Titan- different material cotpositions or perhaps subsur-
ium, brass and alumina ceramic. Each of these face cavities. It is a clear demonstration of the
have distinctive characteristics in the acoustic power of acoustic microscopy to delineate various
micrographs and each of these have information inhomogeneities in material surfaces.
which is distinct from their optical counterparts.

In Fig. 5 we show the polished surface of a
The sketch of Fig. I outlines the essential brass samiple. Again, the b(.ndaries between

features of the instrument. The lens itself is a grains and the twin boundaries stand out with high
spherical cavity in a sapphire block. When this contrast. The contrast in the optical image is
cavity is filled with water it serves as an ideal much less.
lens which will converge the acoustic energy to a
narrow waist at the focal point. The waist In the final images of Fig. 6 we present the
diameter is less than the acoustic wavelength and comparative images of the surface of alumina
it is this feature that determines the resolving ceramic which is partiilly coated with gold. The
power of the instrument. The overall view of the SEM images and the optical images exhibit much less
sapphire crystal with the acoustic film transducer contrast than does the acoustic images. Also, we
is shown in the upper right. The sample surface see imperfections in the gold film that are uninter-
is scanned across the focused beam and it is the esting in the image taken with the SEM.
reflected signal from this surface that we monitor
and display. The mechanical set-up for implement- The acou 'ic microscope can now be used to
ing the mechanical scanning is shown in Fig. 2. record image surface and subsurface detail of

various materials with a resolution similar to the
The first illustration of this type of optical microscope. The content of the acoustic

reflection microscopy is shown in Fig. 3. There image is often greater than the optical images.
we see the optical and acoustic comparisons of the The two forms of microscopy taken together reveal
steel surface before and after the preferential much more information on material structures and
etching. It is a low-alloy steel used for auto formations.
bodies. One has to use chemical etching in order
to bring out the grain boundaries in the optical ACKNOWLEDGFMENT
images. On the other hand, the acoustic image
shows these boundaries before the etching process. This work was supported by the Advanced
Also the different grains appear here with different Research Projects Agency of the Department of
contrast. It is this texture that we find in the Defense and monitored by the Air Force Office of
acoustic micrograph that is important. We attrib- Scientific Research under Contract No. F49620-78-C-
ute this to different orientation of the grains. 0098.
We have determined from previous studies that the
reflected signal is sensitive to the elastic prop-
erties of the surface under examination. In turn,
the various orientations show up since the indiv-
idual grains are anisotropic and they present
different elastic properties as their orientation is
altered.

In Fig. 4 we pre~ent the optical and acoustic
comparison of a surface of the alloy Cobalt-Titan-
ium. This material has condensed in different
phases - each with a different ratio of cobalt to
titanium and each with different elastic constants.
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SAPPHIRE
WATER

B E AM
LENS CONTOUR

ZTRANSDUCER [FOCAL P LANE

(o) (b)

(C)

Fig. I (a) Piezoelectric transducer and acoustic lens as used in the acoustic microscope.
(b) Sapphire rod which carries the transducer and the lens.
(c) Lens holder with a matching network for the transducer.

Y-AXIS DRIVE

,LOUDSPEAKER CONE

jy-AXIS MOTION

DC MOTOR

-~MOTION

-- ~ ---- SAMPLE

LENS

Fig. 2 The components used for the mechanical scannine.
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f1q 4 Comparison of acousti. and optinal wicrootaphv, of a Coj-Ti alloy.
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FURTHER PROGRESS ON NONDESTRUCTIVE DIAGNOSIS OF HYBRID MICROELECTRONIC
COMPONENTS USING TRANSMISSION ACOUSTIC MICROSCOPY

J. K. Wang, C. C. Lee, and C. S. Tsai
Center for the Joining of Materials

and
Department of Electrical Engineering

Carnegie-Mellon University
Pittsburgh, PA 15213

ABSTRACT

Recent progress on diagnosis and characterization of defects in hybrid microelectronic components
using a transmission scanning acoustic microscope (SAM) operating at 150 MHz is summarizeo. A simple
method has been established to locate (in three dimensions) and classify the defects. The study also
shows that two optically identical thick-film resistors having a ratio of 5 x lO

3 
in resistance value

exhibit a 43 db contrast in acoustic amplitude.

INTRODUCTION Field of view for the sample: 3 x 4 (mm
2
)

The characteristics of microelectronic compo- Magnification of acoustic images = 35

nents are greatly affected by the elastic faults or Total electrical throughput loss (without specimen):
defects such as inclusions, voids, delaminations, 55 db
and nonuniform particle distribution. Due to im- Dynamic range: 50 to 70 db at 20 dbm input electri-
pedance mismatch, scattering and absorption asso- cal power, depending on the speci-
ciated with a defect, significant attenuation is
expected in the transmitted acoustic siqnal. There- men.

fore, the degree of darkness at an image area is a
measure of the acoustic opacity, and thus the ir- DIAGNOSIS AND CHARACTERIZATION OF HYBRID

regularity or defect at a corresponding area in the MICROELECTRONIC COMPONENTS

specimen. We had earlier employed M transmission- The findings on three types of hybrid micro-type scanning acoustic microscope ll) (see Fig. 1), Tefnig ntretpso yrdmco
typescaningacosti mico--,- see ig.1), electronic components are now discussed:

operating at 150 MHz, to image the internal stru -
tures of some hybrid microelectronic components.(2,3) ThFn-Film Circuits - Defects which result from con-

It is highly desirable to distinquish between taminants and blisters introduced during the fabri-
a VOID-type defect and an INCLUSION-type defect cation process greatly affect the resistance, adhe-

through quantitative measurement. We have recently sion, and solderability of the thin-film circuits.
found that a definitive distinction can be made by Figures 2(a), (c) show the acoustic micrograph and
translating the specimen along the lens axis at the amplitude profile of a thin-film resistor

small increments and recording the corresponding (Fig. 2(b) for its cross-sectional view). The de-

amplitudes and phases of the transmitted signal fects and the nonuniformity of the multilayer

through the particular defect. The amplitude and structure are clearly seen. Fioure 2(c) shows a

phase data obtained indicate not only the depth, differential amplitude variation as large as 30 db.

size, but also the type of the defect. Phase in- Thick-Film Circuits - The dark and qray areas in
formation is important because the variation in
the local acoustic phase is a measure of the acous- the optical micrographs (Fig. 3(b)) correspond,
tic velocity of an isolated defect and also of the respectively, to the three individual resistorstic elocty f anisolteddefet an alo ofthe (100 , 1.3 ko, and 500 ko) and the conductors ofa
interface profile of a mechanical or metallurgical production-lin k-film t (Fig. 3())

bond.(4) production-line thick-film circuit (Fig. 3(a)).
The acoustic micrographs (Fig. 3(c)) show a high

CAPABILITIES OF THE SCANNING ACOUSTIC MICROSCOPE degree of contrast as a function of resistance
values. Specifically, a differential attenuation of
43 db is observed between the 100 0 and the 500 k,,The modes of operation and the key parameters reits. Smdfcsinheomofnluos

of the scanning acoustic microscope (SAM) employed resaso oeae in the or an icui-
in tis sudyare iste asfollws:are also observable in the resistor and circuit-

in this study are listed as follows: free regions.

Modes of operation: Multila er Chi Capacitors - The defects referred to

Amplitude in the ntroduction are potential causes for a leaky
capacitor, and end metallization of poor quality i

Transmission Mode Phase often a sufficient cause for open-circuit failure.5)

Confocal Figure 4(a) is an example of a faulty end metalliza-
tion (dark stripes designated as L) in a production-

Nonconfocal line ceramic chip capacitor (Fig. 4(b)). Figure
Acoustic lenses: f/4 (focal length in water = 4 mm) 5(a) is anther capacitor which shows two areas of

delamination together with some voids (see Fig.
Spatial resolution: 30 um in water at 150 MHz 5(h) for its optical image).

(confocal)
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A definitive identification of the above de- 5. T. F. Brennan, "Ceramic Capacitor Insulation
fects was facilitated by comparing the detected Resistance Failures Accelerated by Low Vol-
signal levels with the noise level. Since the de- tage," IEEE Trans. on Electron Devices, ED-26,
tected signals were buried in noise, the defects pp. 102-108, January 1979.
should be of the "void"-type. For an "inclusion"-
type defect, however, the detected signal level was
found to be substantially above the noise level.

The last example, also involving a production-
line chip capacitor, serves to demonstrate that the
SAM is capable of determining not only defect loca-
tion (in three dimension) but also defect type.
Figures 6(a) to 6(c) show a series of acoustic
micrographs obtained for the capacitor shown in
Figure 7. Figure 8(a) indicates that area (2.2) is
defect-free. However, for area (1.1), there is an
"inclusion"-type defect at the depth designated by
P since the minimum detected signal (-54 dbm) is
well above the noise level. Figure 8(b) shows two
"void"-type defects located at different depths A
and B since the detected signals are at the same
level as noise.

CONCLUSION

We conclude that the transmission SAM operating
at several hundred megahertz range is a highly use-
ful technique for nondestructive diagnosis and
characterization of thick hybrid microelectronic
components.
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Fig. 2 Imaging of a Thin-Film Chip Resistor

(a) Acoustic Micrograph

(b) Cross-Sectional Sketch of the Multilayer Structure

(c) Acoustic Amplitude Variation Alonq Line EF
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Fig.3(h) Optical Micrographs for Three Resistors (100 1.3 K:-, and
500 K_. From Left to Right)

3(c) The Corresponding Acoustic Micrographs Depicting High Denrp,'
of Contrast
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Fig. 4(a) Acoustic Micrograph of a Chip Capacitor Fig. 5(a) Acoustic Micrograph of Part of a Chip
Showing the Faulty End Metalizations in Capacitor Showing One of the Areas of
the Form of Stripes Designated by L Delamination Designated by DN, and Voids

by 0
4(b) Optical Micrograph

5(b) Optical Micrograph Showing the Particu-
lar Cross Section Where Two Areas of
Delamination are Located (Local Brighter
Areas)
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(a) (b) (c) (d)

Fin. 6 Acoustic Micrographs of a Production-Line Chip Capacitor (Thickness: 27 mils)

(b) and (c) Obtained by Displacing the Capacitor Along the Lens Axis by 20 and
40 mils, Respectively, From the Capacitor Position of (a)

(d) Obtained After the Capacitor was Heated at lO0°C for 80 Minutes

Fiq. 7 Photograph of a Production-Line Chip Capacitor (Thickness: 27 mils)
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Fig. 8(a) Measured Amplitude and Phase of Transmitted Acoustic
Signals as the Chip Capacitor was Translated Along
the Lens Axis - An "Inclusion" is Shown to Exist in
Area (l,l) at Depth P
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Fig. 8(b) Amplitude and Phase of Transmitted Acoustic
Signal (Measured at a Fixed Position of the
Chip Capacitor) as the Capacitor was Trans-
lated Along the Lens Axis - "Voids" are
Shown to Exist at Depths A and B
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NONDESTRUCTIVE SUBSURFACE IMAGING WITH THE
REFLECTION ACOUSTIC MICROSCOPE

R. D. Weglein
Hughes Research Laboratories
Malibu, California 90265

and

D. A. Bergren
Hughes Aircraft Company

Culver City, California 90230

ABSTRACT

The Reflection Acoustic Microscope, operating at a microwave freouency near 400 tlHz, has been
used to image and examine subsurface detail in a multilayer ceramic chip capacitor (ICCC). Bulk exam-
ination of the 0.9 mm thick MCCC is at present not possible with this high resolution acoustic micro-
scope because of the short depth of focus of the particular lens designed for the system and because
of the short wavelength ( 4 m).

W

However, the interdigitally layered structure of the ceramic-metal capacitor permits the sub-
surface examination of either a metallic or ceramic layer, once the surface coating has been physically
removed. Acoustic micrographs, obtained in the scanning mode of the acoustic microscope under these
conditions, were analyzed for subsurface defects in the acoustically exposed layers. Comparison was
made with outical images of the same area after removal of an optically opaque 15 um thick layer by
planar surtace grinding.

Finally, the Acoustic Material Signature (AMS) (I ) mode was used to interpret the observed contrast
reversals in these images. Periodic image contras!.reversal occurred as the specimen was translated
axially from the focal plane toward the acoustic lens. The pericd o, this transducer output voltage
variation hajleen shown to be proportional to the square of the Rayleigh velocity in the region near
the surface. Thus, this measurement may be used to obtain information of the elastic properties
in this surface region. The small surface area required for this measurement permits the surface to
be characterized elastically with good lateral resolution.

1. R. D. Weglein, "A Model for Predicting Acoustic Material Siqnature." Appl. Phys. Letters,
Vol. 34, No. 3, 1 Feb. 1979, pp. 179-181.
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A COMPARISON OF ACOUSTIC MICROSCOPY, IMAGING, HOLOGRAPHIC AND TOMOGRAPHIC PROCEDURES

C. F. Quate
Edward L. Ginzton Laboratory

Stanford University, Stanford, California 94305

ABSTRACT

In this paper we offer our view on the various systems that are used or should be used in the field
of NDE. We conclude that imaging systems evolve around a given form of radiation and that a given
imaging system is not easily adapted to an alternate form.

INTRODUCTION constant velocity of X-rays and the absence of
refraction. The refraction effects for other

Imaging can be defined as a system for making forms of radiation can be -large and the simplicity
the invisible visible. Optical waves are magni- of tomography is lost. Imaging through total
ficent and optical imaging is the cornerstone, internal reflection works for acoustic waves since
However, these cannot be used for the entire spec- the media carrying the energy has a velocity that
trum of applications - other forms of radiation is much less than the velocity of sound in the
must be employed, object. With optical waves the opposite is true.

This unique property of ultrasonic imaging systems
The theme that we will follow in this paper has not been fully recognized. Rollins at the

starts with the premise that each form of radiation Midwest Institute,
6 

Bgeazeale at Tennessee,
7 

and
has characteristics which are unique. Each Andrews and Keightley at the British Steel Corpor-
provides us with a form of imaging that allows us ation have carried out important work with this
to examine selected properties with great clarity, system. Hildebrand and Becker

9 
at Batte)je have

In optics it is phase contrast, or differential exploited this phenomena in a direct imaging
interference contrast, that depends upon and system.

exploits the two degrees of polarization. It is
holography which exploits the non-linear proper- IMAGING AND THE NEEDFR FOCUSING
ties and speed of photographic film and that has
now been simplified with Speckle Interferometry. In this section we will write down some sicple,
With the Scanning Electron Microscope it is the but fundamental , properties of imaging systes in
large depth of focus that gives us the three-dimen- order to establish a few points that we will need
sional images. With radio waves it is the side- in later discussions. The most conmmon and the
looking radar and with X-rays it is tomography. most often used system for ultrasonic imaging is a
With acoustic waves it is total internal reflection, simple probe that is moved mechanically to "paint"

the image. We can represent this by the s(hemati(
Our continuing theme relates to the great of Fig. 1 where we display the diffraction pattern

amount of effort that has been spent on the prob- from a plane wave source. With a transducer of
lem of transferring one technioue for imaging to diameter D we eventually have a wave divergino with
another form of radiation. Holography was a half-angle F (= 1.2211D). The beam extends for
invented for electron wave imaging and it tried out D

2

with X-rays but there was little progress until a distance LOD/2P. 2.44X " If we wanted to use
Leith and Upatnieksl realized that the proper this y

radiation for holography was coherent optical waves. this system to probe to a depth of 25 cm (L) oth a

The results with ultrasonic holography are not sound wavelength of 1 millimeter we would require

commensurate with the work that has been done in D - 25 . This determines the resolving power of

that field. Side-looking radar was invented to this imaging system. We see that it is SO times

exploit the path of a moving airplane.
2  

There is larger than a perfect system where the resolution

nothing quite like that with other forms of radia- can approach \/2.

tion. Tomo raphy is a powerful system for imaging
with X-rays.q That system was invented for the
purpose of using waves that travel in straight /

lines without refraction. It will be futile to
try to adapt this to radiation that undergoes
strong refraction Similarly imaging throuqh
total internal reflection is unique to acoustic 1'
waves

4 
- it will he unprofitable to try to adapt

the system to optical waves . D --- .. .. .... . .. .

In summary - holography with coherent optical sins.. s DnB'i22-
waves works because of the speed and non-linear ,-

character of film. Detectors for acoustic energy
are linear and much slower. Differential inter- ,
ference contrast in optical microscopes is based on
the tw? modes of polarization with electromagnetic
waves. There is nothing eouivalent for acoustic Fig. I Beam Contour with a Flat Transducer of
waves in liquids Tomography is based on the Diameter D.
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The higher resolution requires that we focus
the energy with some kind of lens. The fundamen-
tal relations sketched in Fig. 2 where we show a
single lens with images two sources spaced apart
by a distance d. The minimum value of d is
determined by the diffraction patterns of these v1

two point sources in the image plane. The
Rayleigh criteria for resolution establishes the
minimum angle for the separated points as 1.22X/D. V2 > vi %%
It is the same angle as the angle of divergence %
for the plane wave source of Fig. 1. The minimum
distance, d , is now given by X-RAYS

1.22 L •'OPTICAL
D BEAMS

But we can see that D/2L = sin e where 0 is the ACOUSTIC WAVES
maximum angle of acceptance for this lens. It is
known as the numerical aperture, N.A. In these (a)
terms the resolution as defined by the minimum
separation between two resolvable points is given
by',''

O.61i
N.A. /

R
This resolving power requires an ideal lens (with- I

out aberrations) and a large numerical aperture. I I

4- - ACOUSTICS
d I I I F-I.13R

P1

D ~OPTICAL
r L, L2 - - i I (F-3R)

Fig. 2 Minimum spacing, d , is determined by i h'-X-RAYS

overlap of diffraction patterns P1 and P2  F F )

The spacing d must be greater than
1.22X = .61X (b)

2 sin e N.A.
Fig. 3 Refraction and focusing for three fo'ms of

In turn, it depends on the refraction of waves at radiation.
the iens interface. Let us look at that phenor-
ena for three systems of waves, acoustic, optical makes it difficult to put in motion. The prefer-
and X-rays. The refraction angle as determined able solution is electronically scanned arrays.
by Snells law is determined by the velocity There are two points that I would like to raise in
difference at the interface. For acoustic waves connection with scanned arrays and acoustic imaging.
at a solid-liquid interface can be as high as 10 The arrays that I am familiar with control the phase
to 1. For optical waves a velocity ratio of 2 to of the electrical signal feeding each element -
I is possible but it is more usual to find a ratio- often with a continuous variation of phase. It is
of 1.5 to 1. With X-rays there is no velocity not necessary to use aocontinuous variation -
difference. All of this is sketched in Fig. 3(a). discrete steps of 22.5 will do the job. For this
In Fig. 3(b) we see how this translates into the we only need four elements in series (1) :2 22.5

0
"

action of a lens. For acoustic waves the large 0

angle of refraction brings the waves into focus (2) At2 = 450, (3) .3 = 900 and (4) A 4  1800
, 
10

near the center of curvature. For optical waves This simplifies the problem in microwave systems.
the focal distance is 3 or 4 times the radius of If we think about it there may be a way to use this
the lens surface. For X-rays tie focal length is to simplify the phase shifting networks for acoustic
infinity (i.e. no focussing). This means that we arrays. We should also give consideration to a
do not have a lens for X-rays and most X-ray images phase shift in the acoustic element rather than the
are mere "shadowgraphs". It is the basic reason electrical side. My intuition tells me that this
that tomography works so well. Optical lens may give us a cleaner system. Finally, I would
formed with a single spherical surface suffer from suggest that we move away from the flat ends on the
a large degree of spherical aberrations and these array elements and use domed rods. The advantage
are overcome with multiple surfaces in compound of the spherical dome is that it would generate a
lens. A small acoustic lens with a single surface spherically diverging wave at the position of the
is free from aberrations and this is the basic array and ensure a wide coverage angle from ear h
reason that the scanning acoustic microscope works element. In summary, an array where the phase
so well. At low frequencies where we need a shift is introduced into the acoustic path consist-
longer reach for the beam the lens must necessarily ing of a series of rods placed on a hexagonal grid

11

be large. This increases the aberrations and and with spherical domes at the liquid interface
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should be investigated. The sketch of Fig. 4 out- A 7  Al A 2  A3
lines the overall system.

60. 22.5-- -

.PHASE SHIFTERS A4 2+p, 5

_ /r _ A,
D9 DI I', I>< 0 0._0_2)2 2Daoo o co\5c ;F-7
M D <IE>] DC oQ 0 0 0 0 0oMD Q00 00 0 00 A6  p3 p5 p3

a a - 0 0 00 A07
-MOp PA
7 

+P22 P33

TRANSOUCER A 1  + 21 31

Fig. 4 Proposal for domed hexagonal array with Fig. 5 Sketch of a simple system for tomography.

discrete acoustic phase shifters and a By measuring the A01 through A one can
common transducer. find the individual values of 'n!

TOMOGRAPHY The problem becomes complex for u real imaging
Tomography is a method for reconstructing the problem such as a cross-section of the human head.

image from a series of linear scans. It has been We don't have nine values of p but more like 10,00

used successfully by Bracewell , using micro- or 100,000. For that we need the computer.Hence the name Computer Aided Tomography (CAT). It
wave radiation traveling through outer space and by

Hounsfieldusing X-ray beams in the human body.
3  

is a very striking system and it has made an enor-

In both cases the radiation travels in straight mous impact on the medical profession.1
4  

Will it

lines with refraction. It is used in these two have a similar impact with systems based on other

cases to map a single parameter - the emission of forms of radiation such as ultrasound ? My answer

microwaves from the region of the sun and the is "No, it will not."

density of material in the human body. In neither The reasoning is not complicated - tomographycase is it possible to focus the radiation andThresngisntomlaed-oogay
measure these parameters point-by-point. The serves a grand purpose when the effects of diffrac-measre hes paameerspoit-b-pont. Thetion are absent. Furthermore, X-rays can be
principle is quite simple and we use a two-dimen- toliae ant the rmre, f-r a e
sional rectangular array to illustrate the process. collimated and they will travel for a great dist-

In Fig. 5 we illustrate a 3 X 3 grid of discrete ance without spreading. For example, with a bean

points with differing densities. The X-ray beam 1 mm in diameter the path length before appreciable

is in the form of a pencil. When it is positioned spreading takes place, as worked out previously, is

along the first row it will suffer a change in D2/X. For a 1 mm diameter and a 10 nm wavelength
intensity, AR, , which is proportional to the sum this distance turns out to be
of PTI + 3 - The beam traveling along -/-9 m

the second row will undergo a change

Bracewell
12 

worked with diameter D equal to 1OO01
+R2 = P21 + P22 + P23 and a wavelength of 10 cm. His beam maintained

its pencil shape for 100 Km. On the other hand,

and along the third row acoustic beams with a 1 mm wavelength would begin
to spread immediately from a source 1 mm in diam-

= "33 eter. From a source I cm in diameter the acousti(
AR3  31 " "32 + beam would travel only 10 cm before spreading. It

We next rotate the beam and let it travel along the is even worse since most objects - such as the human

column to obtain head, or complex materials - have large changes in
the acoustic velocity. The media is inhomogenous
for sound waves. There the conceptual simplicity

AC I = Pll P21 + P31 of tomography is lost. I doubt that we will ever
p psee an ultrasonic system based on tomography. On

AC2 P12 + P22 + P32  the other hand, I would expect a more widespread
use for X-ray tomography in NOE. The virtues there

AC3 2 P13 + P23  + P33 will be pointed out by Morris, Kruger and Wecksung
AC3  at this session.

For a 450 degree rotation 
it travels alung the

diagonal with a change HOLOGRAPHY ANDSPECKLE INTRFEPOMETRY

AD I ' Oil * 022 + 033 Holography both optical and ult-rasonic - preser-
ving as it does both the phase and amplitude of the
scattered waves - is so well known that it is not

Other rotations will give other sums. It is easy ncery to descri e that t hr nan

to convince oneself that the separate values of necessary to describe that system here. In any
"il through 033 can be unraveled from all these. event, it has been done in a recent article by

Campbell and McLachlan.
15  

Speckle interferometry
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is important to NDE in that it may find more wide-
spread use than holography. "The speckle pattern, I I I I I I I

caused by the random interference of light scatt- 0I[0 A.
ered from various depths on the object surface I- T
(assumed to be rough) acts as a grid naturally Waoo *

printed on the object surface" (Hung, p. 51).16 
_ so

In a sense it thus serves the same purpose as the a th /
pattern used in the moire technique. "Speckle 60- ,,,-. ..

photography offers a comparatively easy method of

separating the various displacements from a complex 0: 40-

distorting structure, simplifying the process as
compared with the fringe information of holographic
interferometry" (Gregory, p. 184).17 Interfer- 20
ometers based on speckle are primarily used to 2

monitor vibrations and map nodal lines where the w' I I i I

nulls in the vibration modes exist. As such these 2 16 20 24 28 32 56 40 44
instruments have been used for crack detection, ANGLE OF INCIDENCE (OEGREES)
pressure vessel inspection and composite material
inspection. The system holds some advantages Fig. 6 The reflection versus incident angle from a
over holographic techniques. It does not appear water aluminum interface. (Rollins

6 )
to have found application in ultrasonic systems.
Again I suspect that it will turn out to be interface generated a reflected beam with a cross-
uniquely suited for coherent optical beams. The section that differed from that of a beam reflected
working space for such beams can be extended and from a water brass interface. Breazeale was prim-
this permits the inspection of large structures. arily interested in the phenomena of "Schoch" dis-
Further the wavelength near 0.5 micrometers placement where the reflected beam was actually dis-
compares favorably with the surface roughness on placed or translated from the point of contact for
many objects. Ultrasonic waves with 1 mm wave- the incident beam. The effect is named after
length would not enjoy this advantage. Arnold Schoch who first observed it.18

ULTRASONIC MICROSCOPY 0 I I I

We come now to the subject of microscopy. In vio02
one sense it can be viewed as a scaled version of

.imaging as discussed previously. But, there are so
two characteristics that distinguish it from the X-45
imaging at low frequencies and qualify it for 1\ 60 , I 45
inclusion as a separate section. First, the u
ideal lens consisting of a spherical cavity \ /
produces a diffracted limited beam with a beam 40 55

I.-'
diameter that is less than one wavelength. The w i r c

manner in which this can be exploited to form an t 20

image with mechanical scanning has been illustrated _j a
with the mounts in the poster session. The 2 o I -

second, and equally important, is the fact that in 44 45 46 47 48 49 50 51 52
reflection imaging with spherically converging ANGLE OF INCIDENCE (DEGREES)
waves we encounter the phenomena of total internal
reflection (TIR). This is quite unique to Fig. 7(a) The reflection near the critical angle
acoustic systems. I would hope that it could be for electrolytic copper. (Rollins6 )
used over a much wider front in acoustic systems.

We can begin with some early work of Rollins.
6  

' I
,,, 100 _ _ __ _ _He studied the reflection of acoustic waves from a u _

plane surface of copper as a function of the angle
of incidence. As the angle increased he encount- w go - / /
ered the usual critical angles as first the long- 25-'I
itudinal wave in the solid moved parallel to the z 60 25 /' -45
interface. Beyond this he encountered the x \ / 45MC
critical angle for shear waves and near there he 40 ,
found that the excitation of Rayleigh waves along 4 s /
the interface would strongly influence the r1flec-
ted signal (Fig. 6). Rollins pointed out that the o I

critical angle for Rayleigh waves was sensitive to a ' .
the parameters of the two materials forming the 44 45 4 4 4 4 0 I
interface. He also showed that changes in these

parameters by whatever means could be monitored by ANGLE OF INCIDENCE (DEGREES)

studying the variation in the critical angle as
determined by the variati ns in the reflected sig- Fig. 7(b) Reflection near the critical angle for the
nal (Fig. 7). Breazeale' in a subsequent article copper of Fig. 7(a) after heat treating
analyzed the reflection of a Gaussian beam incident (6001F) and quenching in water.
at the critical angle for Rayleigh waves. He
observed that the shape of the reflected beam was lhe people at the British Steel Corporation
dependent upon the nature solid material at the have used this technique to good advanta e with a
interface - that reflection from a water steel real instrument. Andrews and KeightleyR have built

257



the apparatus sketched in Fig. 8. It has a source

for the incident acoustic beam and a receiver for
the reflected beam. The device is made such that 34.2

the angle of the receiving transducer as measured
from the normal is equal to the angle of the

W
incident beam. The transducers are moved in a way 34.1
that maintains this equal relationship between the
two elements as the angle of incidence is varied to 0
accommodate variations in the critical angle for 0
the Rayleigh wave. This variation can arise from - 34.0

either of two causes - a change in the material
parameters or a change in the level of stress. The J
curves of Fig. 9 and Fig. 10 show the quantitative z 33.9

relationship as presented in their paper. They <
used the technique to monitor levels of stress in
sheet steel but there radiography with X-ray
appears to be a faster technique. They have found 33.8
it to be an important instrument for measuring com-
positional changes and case hardening. In my
opinion this system is worthy of a great deal of
study. 33.7

0 200 400 600

APPLIED STRESS (Nmm
- 2

Fig. 9 Variation in critical angle wihh stress in

steel. (Andrews and Keightley

27.4

- 27.2
U)
W

"J 27.0
a

-J
0
z 26.8

-J
4

26.6

GENERATOR RECEIVER

t 26.4 I
0 I 2 3 4 5

Ni CONTENT BY WEIGHT (PERCENT'I
LIQUID Fig. 10 Variation in critical angle with omposition

L7-UI -7-- Fg 0N of steel. (Andrews and Keightleyh)REFLECTING

/ / " / / / / / / / SURFACE operate in a mode that is quite analogous to this.

SOLID In any event, it is important to study the phase
shifts of the reflected wave when the waves in the

Fig. 8 Critical angle goniometer. (Andrews and soTid-are changed from propagating waves to evanes-

Keightley
8
) cent waves.

With this background, I believe the next Total internal reflection is important since it

logical step is to replace the mechanical scanning is unique to acoustic radiation. It does not occur

goniometer with electronic scanners. The mos in optical systems. The reason is straightforward.

obvious comes not from arrays, but from Shaw'$ In many optical systems the region between the lens

idea of converting surface waves to traveling hulk and the object is a fast medium and the object itself

waves. The beauty of this system is that the angle is a slower medium. The optical ray is refracted

can be precisely controlled with the frenuency. toward the normal as it enters the objeci. The
The elegance, the simplicity of this system, all system (with tota linternal reflection) has been

argue that it will one day come into use as an inst- used by McCutchen' in a modified optica' microscope

rument in NDE. The basic proposal for adapting where the light traveled through oil and a cover

the Grating Acoustic Scanner for TIR is sketched in slip is common before reaching the object but its

Fig. 11. I suspect that EMATS could be designed to use has been limited. We can also simulate the



INPUT I0 OTU P 'he phdsw ciVtIcr t' (,I > t , h i- I

TRANSIDU0CER !RNfv~ idy nt be evident in the iitt t' t

/ orded h y s(iann ing the (Ii' ( lit tfrtuwt.
SURFACE WAVE 5URFACE WA. 'FCoondinate". Fut it I, lear wher we'.
ON GRATiNG 9N GRATiNG vtioriii Ii the ref 1le ted signal wIit

-- LAUNCHERI RE IVLRI Is, leove, Ii d ly actril tI; ceanl dI" tt-~
SH AR, Bu I- ai vi a of t h Itype i s C r v

*Av V s fu t d fli'l et nit Eu 'ile - Y4V

.r dLON~itJO)INAI. WAvES !N Jui 'he)( pt-t ."i( ity V f tV I'l ins ( i ., l6 ik i -, i;

-RA~lvEIGH- WAE r ( t ii i! 1 i liedn t rl the tld ti Lo f ici r
UN SP tE iMAN ofitn thl i telsicofct-

lit VI I t Ii t i Citye fIt ri i I v cl ,

Fi. 1 'roigtesal for it critical tiill dtItitlt IW lt 'lit . li I' t FIij. 14 . Acn tn h ''

,sl irint-f f or etili i i CI 'd ns q-)ur! I t I C1 i Cl 1 i hivwe i ri I Ii; 1 . wh Ice h 1
moidel le(!t Irow t he Grat III(; ,Luusti, oilje(t u t tnq ( f ji, lromle s t' 1' ; ;

S1  nner-. (hawt9 l14 vOi itti r
t
t tkOiiliii, this a th '-f",o o

.1f ' I ' ',-itI I t l ( ' 1' - )f I t

effect wi th I guidii lolt 1it In wives a nd T iern ~ ,r dcrmt t 'i'vi ' f I I "r vi'-. ' 1 1

dust tht i1'e itd lilt it al beaim" that were- on- hk~rtV '; 1 it& ill I i-Ilt tn

f ined to ti surface,. 'Tie '.urfac e was, coo tetl wi i t h Vi/til 1! wit ti 1''''I IrI

let11 t'l otaI ,I t11, d is wel se t ite fri trhi the tic l i V)l II f I II ' At'

I ' i nt)V th ., th t I p i l i j r Ii t itli ' i

the itro- m , i t 
t  n w t t n i It rentt ! t,1n!t - /

wIrl I ' Ii ' I' q t.! I t l k i' ' d tt ' t e t .i' I t -,

It(tt tte sttt lIi s n we II i li-fIll i I it' i ,

i% n I

LL



nI 4

* (a)

ii

Fig. 15 Acoustic images of a chrome strip on

glass. (a) and (b) are images in the
x-y plane for two focal positions.
Central image is a single scan line
(horizontal) as a function of the lens
sample spacing.

The type of periodicity, or interference if
you will, can be explained by the phase shift that
takes place across the critical angle. But there
are interference lines of a much finer structure
in some of these displays. This comes from a
separate source - the energy that moves back and b)
forth between the transducer and the lens. It is
a result of residual reflection at the lens surface
and its phase does not vary as the object spacing Fig. 16 Acoustic (a) and optical (b) interference
is varied. Although it is small it can be equal patterns for a sample of brass. This is
to the signal from the object. With this strong a result of surface contour near the
interference fringes can be recorded. The optical diamond indent.
and acoustic images of Fig. 16 and Fig. 17 clearly
show this. The optical image was taken wiLh an
interference reflection microscope. Again, this t ,.
is to be distinguished from the phase shifts

associated with the critical angle. Those permit
us to record twin boundaries and grain boundaries
in the acoustic images - boundaries that are not
evident optically. In the illustration of Fig. 18
this effect can be seen in a surface of polished
copper.

SUMMARY

Imaging with acoustic waves is unique in many
ways. We should concentrate more effort in these

areas where it i 5unique. The EMT transducers is
a clear example. The scanned arrays and the
conversion to surface waves at a liquid-solid boun-
dary is another.

9  
The photoacoustic scanning of .,

surfaces is a third.
26  

We should focus more effort
on complex shapes - the turbine blades - the holes
that are covered with rivet heads. There I think
we can progress. In more simple geometry such 3s
the inspection of flat steel plates we will prob- Fig. 17 Acoustic (a) and (b) and optical (c) inter-

ably lose out to radiography with X-rays as in the ference patterns for a sample of brass. It
example cited with the British Steel Corporatimn. is similar to Fig. 16.
Tomography with X-rays should be exploited on a
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SUMMARY DISCUSSION
(C. Quate)

Bob Addison (Rockwell Science Center): You indicated you could say something about
the adhesion of the chrome by that technique. Can you say any more about that?

C. Quate, We have been given chrome that has four enduring layers, and this periodi-
city changes, the contrast will change as the adhesion changes. So. the reflec-
tion, the critical angle depends very much on how you adhere the film to the
substrate. It's very easy to measure, correlate your search.

B. Hildebrand (Spectron)l I would like to remark that the paper Larry Becker and
and I did was in 1972. We did exactly that kind of imaging using the 180-phase
clip, and we measured differences in hardness, and we drilled a hole up through
within one radio wavelength of the surface, and it worked real well.

C. Quates That's beautiful. Where is it? Why hasn't it gone on'

B, Hildebrandt It's in the Journal of Acoustical Society of America. Not much
interest was shown.

C. Quate, Why not?

B. Hildebrandt I don't know.

C. Quates Do you still think it's important?

B. Hildebrandt Yes, I do.

C. Quate, I do too. I apologize for missing that reference.

2#
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DIGITAL SYNTHETIC-APERTURE ACOUSTIC IMAGING SYSTEM

0. Corl, G. S. Kino, D. Behar, H. Olaisen, and P. Titchener
Stanford University

Stanford, California 94305

ABSTRACT

A real-time 32-element synthetic aperture acoustic imaging system has been developed. We can test
new ideas for the system by using an acoustic array and carrying out image reconstruction on a computer.
Contour plots of simple images are shown to illustrate the resolution (0.4 - 0.5 ,im in range and trans-
verse resolution) and sidelobe levels obtained with this synthetic-aperture technique. Rayleigh wave
images of surface cracks and holes in metal samples have been obtained and a new type of monolithic edge-
bonded acoustic transducer array has been developed for use in Rayleigh wave imaging. A number of
techniques for reducing the sidelobe levels and improving the resolution have been investigated. The
results obtained with a new 32-tap digital delay line for deconvolving the pulse response of a transducer
in real time are described.

INTRODUCTION aluminum samples have been obtained;

This project has as its aim the development of (4) The demonstration of a real-time pro-
a real-time synthetic-aperture acoustic imaging grammable filter. We have constructed a 32-tap
system for use in nondestructive evaluation. Last real-time programmable filter which makes use of
year we described a hardware implementation of such a novel digital-analog technique in order to
a system which makes use of digital electronics in achieve a wide bandwidth (DC to 5 MHz) from a
order to obtain real-time images using an 8-element reliable low-cost design. There are a number of
acoustic transducer array and we also described potential uses for this filter in acoustic imaging
the results obtained with computer reconstruction and other signal processing applications, a few of
of images using a 32-element array. Since that which will be illustrated in this paper.
time, we have made a number of significant advances
which we will describe in this paper. REAL-TIME IMAGING SYSTEM

Our work during the past year has had four Last year we reported the results obtained
main thrusts: with our first generation 8-element transducer

array hardware system. This year we have con-
(1) The construction of a second generation structed a new synthetic aperture acoustic imaging

synthetic aperture acoustic imaging system. This system which is designed to utilize a 32-element
new system incorporatea a number of improvements transducer array in order to produce real-time
over our previous system and it is designed to images. The theory of synthetic-aperture imaging
produce real-time images using a 32-element trans- has been described in detail in our previous paper.

1

ducer array. This system is currently in the de- Here we will briefly review the basic principles
bugging stage, and based on past experience, we of operation of this system.
expect to obtain our first experimental results
in the very near future; A block diagram of the actual hardware system

is shown in Fig. 1. This new system incorporates
(2) The use of computer processing techniques a number of design improvements over our previous

for displaying quantitative image information. We hardware system and it contains 80 kilo-bytes of
have recently investigated the use of contour high-speed (50 nsec cycle time) memory as well as
plotting for the display of quantitative image in- all of the electronics required for computer inter-
formation. This contour plotting technique has facing, display control, and array multiplexing.
been employed to study in detail the point spread The memory is partitioned as thirty-two I kilo-byte
function of our imaging system, and in the future, blocks of signal memory and 48 kilo-bytes of focus
we intend to use this method, as well as other memory.
techniques such as pseudo-color images, in order to ,,,,,,.,
display quantitative information about actual flaws; , I

(3) The development of new types of trans- t'
ducers for acoustic imaging. This work is described
in greater detail in a companion paper. The
technology for constructing reliable high-efficiency
broadband transducer arrays for the excitation of
bulk waves in water has made considerable progress
and we believe that most of the construction dif-
ficulties have been overcome. A major breakthrough
has been achieved in the design of a new type of
transducer array for the excitation of Rayleigh I. I .. , - - J - -
waves in solids, the edge-bonded transducer. Using
this edge-bonded transducer array, Rayleigh wave OITAL IMAGING SYSTIM

images of both real and simulated flaws in
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The construction of this system has been ham- crack are observed and they appear In the image as
pered by delays in the delivery of a number of key two isolated points?' 3 However, the fields associ-
components. The system is now completed and we are ated with these two radiating points fall off in-
currently in the process of debugging the circuitry. versely as the square root of the distance from
Based on past experience with our first generation the end of the crack, and furthermore, the scat-
hardware system and our computer reconstruction tered signals fron the two ends of the crack are
techniques, we are confident that this new system of opposite sign. It can be seen that there is
will perform as expected, and we anticipate obtain- quantitative information available from this
ing real-time images from this system within the imaging technique which, if adequately displayed,
next month. could be utilized to aid in the interpretation of

the images produced.
The operation of this system consists of two

phases: the signal acquisition phase and the image Accordingly, we have written a contour plotting
reconstruction phase. During the signal acquisi- program which at the present time gives us magni-
tion phase, an analog multiplexer selects a single tude plots of an image, but which at a later time
element of the transducer array. This element is might give us plots of both amplitude and phase.
excited with an impulse from the impulse generator This contour plotting technique has proven to be
and an acoustic signal propagates out into the extremely useful in making quantitative measure-
medium. The return echoes are received by that same ments of our imaging system performance.
transducer element, and after passing through the
multiplexer and input amplifier, the signal is In order to measure the point-spread function
digitized by a high-speed analog-to-digital con- of our imaging system, a small (.25 mm diameter)
verter and stored in a digital memory. This process wire was placed in a water tank at a range of 3.2
is repeated for successive elements of the trans- cm from a 32-element transducer array having a
ducer array, with each of the signals being stored 1.6 cm aperture and a 3.3 MHz center frequency.
in a corresponding memory. During the image re- By using computer reconstruction techniques, images
construction phase, the focus memory controls the of this wire were produced from both real data and
addressing of the signal memories. The outputs from artificially constructed theoretical data.
of the signal memories are summed together in the From these images, a set of contour plots were
digital adder and converted to an analog voltage obtained which show lines of constant amplitude
which modulates the intensity of a raster scanned around the wire. Due to space limitations, only
display in order to produce a two-dimensional two of these plots will be shown. It suffices to
image. This entire process is accomplished in say that there were no great differences between
approximately 30 msec , with about 10 msec for the experimental and theoretical plots, which, of
signal acquisition and 20 msec for image re- course, is very encouraging. The results shown in
construction, resulting in a frame rate of approx- Fig. 2 were obtained using 32 transducer elements
imately 30 Hz , well above the rate required for with linear processing, and we see here a 3 dB
real-time imaging. resolution of .5 rmm in the transverse direction,

and .4 mm in the range direction. These results
COMPUTER PROCESSING are essentially in agreement with the theoretical

predictions of about .5 mm resolution in both
Last year, using our real-time hardware the range and transverse directions. This contour

system as well as computer processing techniques, plot shows the sharp fall-off from the main lobe
images of wires in a water tank were produced and down to a background sidelobe level of about
it was demonstrated that low sidelobe levels could -24 dB . It is important to note the smooth con-
be obtained. As this work has progressed, we have tours around the main lobe; others have predicted
realized that there are serious limitations to the that there might be higher sidelobe levels at a
use of intensity display of images obtained from 450 angle to the axis of the array," but it is
a high-quality imaging system. One problem is the apparent from our results that there is no such
limited grey scale range of an intensity image problem with this system. Figure 3 shows a similar
which makes it difficult to observe a weak reflector contour plot obtained using the nonlinear proces-
in the vicinity of a strong reflector. This method sing technique which has been discussed in the
of display also makes it hard to obtain quantita- past.1  As described last year, this technique,
tive information about the image, and we expect using square root gain compression, is expected to
that as the NDE field progresses, more quantitative give a significant reduction in the sidelobe
information will be required from our images in levels. This can be seen quite clearly in the
order to make a better determination of the shape, contour plot, with the background sidelobe level
size and nature of a flaw. reduced to about -36 dB . Again, there is a

sharp fall-off from the main lobe and with this
There are a number of simple examples which can nonlinear processing technique, the resolution in

be used to illustrate how quantitative measurements both the range and transverse directions is
can help us Interpret the image obtained from a flaw. actually somewhat improved over that obtained with
First, consider a point defect which gives rise to linear processing. Knowing that there are no
a scattered field that falls off inversely as the anomolcus directions where the sidelobe levels are
distance from the flaw. If the defect has a higher particularly high, it is convenient to describe the
impedance than the surrounding medium, the reflected resolution of this system by showing a pair of
signal will have the same sign as the incident slices through the point spread function, one in
signal. In the case of a low-impedance defect, the range direction and one in the transverse di-
such as a void, the reflected signal will be op- rection, as shown in Fig. 4.
posite in sign to the incident signal. Now, con-
sider the case of a wave scattered from a crack With this contour plotting technique, we have
which is aligned at an angle to the wave so that been able to obtain accurate measurements of the
the specular reflection cannot return to the trans- performance of our imaging system. The sidelobe
ducer array. In this case, only the two ends of thF levels and resolution obtained with this synthetic
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aperture technique are far better than those ob- and shear) waves in solids or Rayleigh waves, as
tained with any comparable imaging system we have well as other types of Lamb waves. We have recently
worked with in the past, or seen in the literature, developed a new type of array, the edge bonded

transducer array, which is a major breakthrough
for the excitation of Rayleigh waves and several

-ir-r-r-r-r-r-rr .,computer reconstructed images obtained using this
REL Darray will be shown.REAL DATA GRATING LOBE

NO COMPRESSION
32 ELEMENTS * SQUARE ROOT COMPRESSION

REAL OATA, 32 ELEMENTS. 25mM WIRE

STEPS AROUND CENTER

-3dB
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-12
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Fiq. 2. Contour plot of the image of a small wire Fig. 4. Range and transverse resolution with
obtained with linear processing. nonlinear processing.

A' Several years ago, Kino and his colleagues
GRATING LOBE developed an acoustic imaging system based on a

phased array technique which used chirp-focusing2Y'

REAL DATA With this system, it was demonstrated that various
SQUARE ROOT COMPRESSION types of waves, including shear, Lamg, and Rayleigh
32 ELEMENTS waves could be excited using mode conversion froma longitudinal wave array and that imaging could

STEPS AROUND CENTER- be performed using these types of acoustic waves.
-3dB All of these techniques are applicable to our
-6 synthetic aperture imaging system and the wedge

MAIN LOBE -9 coupling technique has been used with our system
-12 in order to obtain Rayleigh wave images of both
-18 real and simulated flaws in aluminum samples.6

*24 One drawback to this technique .s that it intro-
-30 duces aberrations due to the compound angles in-
-36 volved, which in turn lead to a degradation in

9 the performance of our imaging system. In the
past, this degradation was not noticeable, but as
the performance of our imaging systems has im-

GRATING LOBE proved from a resolution of 2 mm to a resolu-
0 tion of better than 0.5 mm, this effect has

9 0 1 become significant.

. . . . . . L J k I ' I I i Therefore, a new type of array. the
edge-bonded transducer (EBT) array has been de-
veloped to eliminate these problems. This trans-

Fig. 3. Contour plot of the image of a small wire ducer has a number of important advantages over
obtained with nonlinear processing. other techniques used for the excitation of Ray-

leigh waves. First of all, the array is very
RAYLEIGH WAVE IMAGING simple to construct and it gives both high ef-

ficiency and broad bandwidth. Secondly, because
Because of our interest in NDE, we have re- it is used in a configuration where a Rayleigh

cently investigated a number of techniques for wave on a solid substrate exLlt(s a Rayleigh
the excitation of Rayleigh waves (surface waves) wave on a test object of the same ,terlal, the
in solids. Looking at wires in a water tank, as EBT array is free from the auertations introduced
we have done in the past, is very convenient during by the wedge coupler formerly (.iploypd. Thi., is
the early stages of development of an Imaging because there is no difference in the acoustic
system, but for NOE applications, we are more velocity of the two substrates. The array is
likely to be interested in using bulk (longitudinal shown schematically in Fig. 5, and it is described
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in detail in a companion paper.
7 

The array is con- the array so that only the ends of the slot will be
structed by epoxy-bonding a slab of piezoelectric observed. The clutter in this image Is due mainly
ceramic onto an aluminum substrate. Thin film to the spurious modes which are excited by the
electrodes are deposited on the back of the ceramic EBT array, which will be eliminated in a later
which is one-half of a Rayleigh wavelength in version of the array.
thickness. The electrodes are approximately one

wavelength long in the direction perpendicular to
the surface of the substrate; therefore they ef-
ficiently excite a Rayleigh wave whose penetration
depth is on the order of a wavelength. Each ele-
ment is approximately one wavelength wide and the
individual elements are shielded from one another
by ground strips. Our first edge-bonded trans-
ducer array has exhibited high-efficiency (7 dB
round trip insertion loss), broad bandwidth (about
an octave) and wide angle of acceptance (t 35*).
The spurious modes excited by this first array are
quite high, but we have already developed a number
of techniques for reducing these spurious signals
to negligible levels in our future arrays.

." A) SAMPLE

ACOUSTICAl SUBSTRATE

WAVE Fig. 6. Rayleigh wave image of center-punch marks
Y'\ in aluminum sbstrate (1 cm squares).

BOND PLASTIC
COUPLING
LAYER

- - -4.3 cm " y SUBSTRATE ON
(3

2 
ELEMENTS) SHEAR WAVE IS

PZT-SH

Cr-Au

Fig. 5. Edge bonded transducer array.

The edge-bonded transducer array can be used
to excite Rayleigh waves in a test sample by
placing the test sample on top of the array sub-
strate with a thin strip of coupling material
(typically plastic or rubber) placed between them
as shown in Fig. 5. The loss in going from one

substrate to the other has been measured to be
approximately 2 dB , which adds another 4 dB to
the round trip insertion loss. Computer recon- Fig. 7. Rayleigh wave image of an EDM slot placed
structed images of several test objects were ob- parallel to the transducer array (I cm squares).
tained using this EBT array. Figure 6 shows an
Image of four ce~ter-punch marks and one drilled In the near future we plan to look at these
hole on the surface of the array substrate. This images in detail using our contour plotting pro-
image was obtained using square root gain compres- gram to see if any of the predicted features in
sion to reduce the sidelobes from the end of the these images, namely the I/'R fall-off from the
block. Three of the defects show up quite clearly, end of the crack can be observed. Because of the

while the last two defects are difficult to see success of our Rayleigh wave imaging experiments,

amidst the clutter from the end of the substrate. we intend to continue the development of the B,

Figures 7 and 8 show Images obtained using the EBT array and to use this array in most of our future

array to look at an electron discharge machined imaging experiments. The limited number of
(EDM) slot in a separate test sample. In Fig. 7, images so far obtained illustrates one of the
the slot was placed parallel to the transducer disadvantages of computer reconstruction: it is
array and it shows up quite clearly over Its entire very slow (up to I hour). The real time system
length. In Fig. 8, the slot was placed at a 250 eliminates this difficulty and makes adjustments
angle to the array and once again the slot shows up to obtain the optimum images relatively simply.
quite clearly over its entire length, since the
array was able to receive the specular reflection REAL-TIME PROGRAMMABLE FILTER
from the slot. This illustrates the width of the
aperture and large angle of acceptance which can be We have developed a real-time programmable
used with this imaging system. In the future, we filter for use with our synthetic aperture
intend to place the slot at an even steeper angle to acoustic imaging system. This programmable filter

267



is an extremely flexible signal processing element output. We cur-ently favor the use of the Fourier
which can be employed for inverse filtering, real transform technique to calculate the Wiener filter
time deconvolution, matched filtering or any number solution because of its high speed (a few seconds)
of other applications. The basic idea here is to and the fact that it gives us a picture of how the
use the filter to compensate for deficiencies in filter is performing in both the frequency domain
the transducer so as to obtain as compact an im- and the time domain. Suppose the spectra of the
pulse response as possible within the bandwidth input signal and the desired output signal are
limitations of the systen. Another potential ap- X(w) and D(w ) respectively. The frequency res-
plication of great importance in imaging systems ponse of the filter which gives the least mean-
is to remove distortion which is introduced by pro- squared fit to the desired output signal in the
pagation through an inhomogeneous medium, or poor presence of noise is given by the Wiener solution
contact between the transducer array and substrate.

D(G,)X*("')
H0() 2(1)

Here, X*((.,) is the complex conjugate of X(L-.)
and N

2
(.,) is the noise power. If the noise

level is low, optimum use of the available band-
width can be made in order to sharpen a transducer
impulse response or to remove distortion from an
acoustic signal. Once the required filter response
has been calculated, by whatever means, the filter
is programmed and it then operates in real time
with a 5 MHz bandwidth and a 40 dB dynamic
range.

INPUT 7A

[,ULT
P, ..I . , 'GI

Fig. 8. Rayleigh wave image of an EDM slot placed D-I o.c ,i

at 250 to the transducer array (I cm squares). j iF

It has been demonstrated earlier by White that ATC.,,L

a surface acoustic wave (SAW)
8 

filter could be C D
designed for this type of application, and we have L I E
demonstrated a programmable charge-coupled device *E G.,
filter.9  There are a number of limitations to AoD.E Nf CoD'fSS
these techniques: the SAW filter is not program-
mable; rather it must be tailored to a specific DIGITAL IMPLEMENTATION OF INVERSE FILTER

application, while the CCD filter has a limited
bandwidth, much less than I MHz . In order to
overcome these limitations, we have developed a new
type of programmable filter which makes use of a Fig. 9. Hardware implementation of a real-time
hybrid digital-analog approach in order to achieve programmable filter.
a 5 MHz bandwidth from a reliable low-cost design.

A number of experiments have been performed
A block diagram of the actual hardware is to illustrate potential applications of this

shown in Fig. 9. The filter makes use of a high- filter, two of which will be shown here. One
speed analog-to-digital converter which samples application of this filter is to improve the im-
the input signal and converts it into 8-bit digital pulse response of an acoustic transducer, Theo-

words which are sequentially loaded into an 8-bit retical calculations have been done which indicate
wide digital shift register. This shift register that the optimum tradeoff between range
acts as a tapped delay line and at each stage of resolution and transverse resulution is obtained
the shift register, a multiplying digitdl-to-analog with approximately a single sinusoid transducer
converter (M1AC) is used to multiply the digital Impulse response. Figure 10(a) shows an actual
word by an analog tap weight reference voltage to :mpulse response of a commercial 2.25 MHz trans-
produce an analog current output. The outputs of ducer in both the time and frequency domains, while
all the MDAC's are tied together on a common output Fig. 10(b) shows the desired signal, a single sinu-
bus where all the curretis are summed to produce sold. Fourier transform techniques are employed
the filter output. The tap weight reference vol- to calculate the frequen.i response, Fig. 10(c)
tages are established by a set of latching digital- and time response, Fig. 0(d), of the filter re-
to-analog converters which are programmed by the quired to transform the input signal into the
computer, desired output. Figure 10(e) shows the results

obtained with our real-time hardware. The topIn operation, the digital signal at the input trace shows the actual transducer impulse response
to the filter is inserted into a computer. By at the input to the filter, while the bottom trace
using Fourier transform techniques or an iterative shows the filter output, a good approximation of
technique, such as the LMS algorithm, the computer a single sinusoid,
calculates the time response of the filter required
to transform the input signal into the desired
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.(t) Fig. 10. Shaping of the transducer impulse re-

sponse using a real-time programmable filter./ "

Another application for this filter is to
remove distortion introduced by propagation

. -- through an inhomogeneous medium. Figure 11 is a
schematic of the experimental set-up. While

5.9p$ looking at the echoes from two small holes in a
--- 4.75 MHz plastic block, a sheet of fiberglass printed

circuit board was placed in front of the plastic
block, causing reverberations which distorted
the echoes, as would a poor contact between a
transducer and a substrate. Figure 12(a) shows
the undistorted signal. Here, the echoes from the

DESIRED SIGNAL two holes and from the back-face of the plastic
(b) block can be picked out quite clearly. At the top

of Fig. 12(b), the distorted echoes can be seen;
o0 - the individual echoes from the two holes are now

difficult to distinguish from one another. The
object of this experiment was to use the back-face

S \ echo to train the filter to remove the distortion.
- \If the distortion can be removed from the back-

-. - face echo, then presumably, the same filter will
,\ - remove the distortion from the other echoes as well.

In the bottom trace of Fig. 12(b), it can be seen
that the filter has been quite successful in re-

4.75 MHz moving the distort'ion, and it is once again pos-

sible to distinguish the individual echoes from
the two holes.

PIECE OF PRINTED PLEXIGLASCIRCUIT BOARD _2..1 BLOCK
FREQUENCY RESPONSE OF WIENER FILTER (FIBRGASS) BLOCK

(c I

2OLE

TRANSDUCER WATER

1.6 mm '
125 lops .7m

EXPERIMENTAL SET-UP FOR DISTORTION OECONVOLUTION
TRUNCATED IMPuLSE RESPONSE

(AS CALCULATED BY THE COMPUTER) Fig. 11.
(d)
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and preliminary experimental results are expected
in the near future. Computer processing tech-
niques for the display of quantitative image in-
formation are being investigated and a contour
plotting program has already been used to help
characterize the performance of our imaging
system.

A significant breakthrough has been achieved
in the design of a new type of transducer array for
the excitation of Rayleigh waves (th; edge-bonded
transducer array) and this new array has been used
to obtain Rayleigh wave images of surface defects
in aluminum samples. A new real-time programmable
filter has been developed which shows a great deal
of promise for use in imaging as well as other
signal processing applications.
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SUMMARY DISCUSSION(Doug Corl)

Jerry Posakony (Session Chairman - Battelle Northwest), Is there a question? We can
handle one right now.

Vicki Panhuise (General Electric), I am used to looking at graphic systems, and I
realize you studied your images and especially your punched holes. Have you

tried taking an unknown sample where you had no idea what the indication was
in trying to pick it out of your displays?

Doug Corl, No, we haven't done that. If you punched a hole similar to the ones that
I have in an aluminum block and gave me that sample, I could easily find the
location of it. But if I didn't know it was a punched hole--for example, if it
was a scratch or something like that--it would be difficult to pick it out. A
single isolated flaw in a clean surface I can find, and then I can see the
general shape of it or something like that, get some more information. But if
the flaw is in a complicated object, it would be difficult to get a good image
of it.

Vicki Panhuise: Is that your ultimate goal?

Doug Corlt The problem with the complicated object is the sidelobes from one object
might appear--you don't really know whether they are another object or just
sidelobes. Using more transducer elements, for example, to reduce the side-
lobe level, makes it easier to distinguish an actual object from a sidelobe.
If you can get the sidelobe level down to minus 36 db, it's much easier to
distinguish a sidelobe from an actual signal than in the case where you have a
minus 12 db sidelobe.

Jerry Posakony, One more question.

Paul Holler (Inst. fur Zerstorungsfreie Prufverfahren): I wonder if you have a
special reason not to excite the Rayleigh wave by just putting the array or,
the specimen and matching the wave by your array control. Is there any reason
not to do it that way? You know what I mean? Just put the plane array on your
specimen, no edge or nothing, and simulate a wedge by the array control. I think
that's the normal way to use for things like that.

Doug Corl, I understand the question. You're suggesting using a linear phase acrcss
the array to excite a Rayleigh wave.

Gordon Kino (Stanford University): Now you're really asking for two-dimensional array.

Paul Hollers It's a one-dimensional array.

Gordon Kino, One dimension to simulate the wedge and another to do the focusint,
that's across the wave.

Paul Hollers It's because you want to do focusing.
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WAVEFRONT RECONSTRUCTION ACOUSTIC IMAGING
USING TWO-DIMENSIONAL ARRAYS

K. M. Lakin, W. R. Sheppard and K. Tam
University of Southern California

Los Angeles, California 90007

ABSTRACT

This report describes an imaging system employing the digital reconstruction of
the near fields of an object using the amplitude and phase of the scattered fields
measured on a remote plane in the Fresnel zone. This imaging technique is shown to
be significantly different from holographic and phased array systems and basically
computationally implements a classical lens system having the reconstruction plane
parallel or perpendicular to the measurement plane. The theory of the imaging approach
is detailed and the method of obtaining a real-time implementation is drscribed. Test
data for the first 64 x64 element array using PVDF elements and electronic scanning
is presented.

I Introduction assumed scattering plane, k is the
wavenumber, U(x,y), the source or scattered

In this report we describe the theory field and r is the distance between a
and experimental results for a technique of scattering element and field position,
acoustic imaging using wavefront
reconstruction to obtain the source or
scatter near-in fields from a measurement r = Rl + w ((x-u) 2 

+ (yv)2)] . (2)
of the scattered fields in the Fresnel zone
of the object or source. The
reconstruction technique has its ro6ts in Using the small angle approximation we
physical optics wherein the operation of essentially restrict the transverse
lens are described by mathematical dimensions of the scattering region and
operations and visa versa [I). Thus the measurement plane such that they are much
procedure is to perform the image formation less than R the distance between planes.
through a series of mathematical operations In practice this para-axial approximation
rather than via a set of physical objects restricts the maximum angle between r and R
such as lens. The burden of the image to approximately 30 degrees. However, for
quality is thus placed upon the initial the usual cases of water-solid interfaces
data collection and finally the precision this represents a more than adequate angle
of the mathematical transformation process, of incidence due to longitudinal wave
There is of course considerable flexibility cutoff conditions.
offered by this approach because, as will
be shown, one set of two dimensional data Using the paraxial ray approximation,
can yield an infinity of reconstruction the distance r is approximated by
planes, whereas variable focal length
acoustic lens are much more difficult to 1
implement and still require field r R + -L(x-")' t (y-')] (3)
measurements in their focal planes.

ik!

This paper discusses the formalism of and (1) becomes t(u,v)=21-- (x,y)
the imaging technique, progress obtained on k
the implementation of the imaging system ',xp i(-)L(x-u)'4(Y-v) 7 ( xdy
using two dimensional acoustic arrays, and
a b ief comparison with holographic (2] and The quadratic phase factor may now be
phased array systems. expanded and a normalized relationship is

obtained
II Theoretical Basis of the Imaging
APProach LTM(t1',v' ) Cfj'(x',') ixp [-ik'

The basis of the imaging system, (u'x' + v'y' ,Ix',Iy
Figure 1, starts from Huygens theory
describing the superposition of a radiation where
field from many point sources of the source ,
or scattered field,(If 00

i k. ,r= x ' y ) v x p - i k ' ( x , 2 y- 2 ) / 2 7
kikrIJM(u,v) 4= 'Il; ' } ,) r ,* y I i}

where Um(u,v) is the measured field in the y' )' /,1, -1 1 V/.i

u,v plane located a distance P from an
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or where *s=XR/2a maximum sampling internal normalized scattered fields, 5) and phase
allowed without considerable information un-normalize to obtain the complete fields.
loss. At the widest angle of operation, 71.is data is now ready for display and
R/a would have a minimum value of 43 and possible enhancement.
the maximur allowed sampling interval would
be As = ( 312) A .

The image is formed by a sequence of III Side Looking Imaging
mathematical operations. First, the actual
field at the measurement plane must be
obtained by taking the measured data and
multiplying by a correction factor that In NDE applications there are
accounts for variations within the situations where the parallel plane
measurement system. Next the data is reconstruction technique, currently
columniated by multiplication by a employed in our work, is not suited to the
parabolic phase factor, an operation physical test configuration. Such a case
equivalent to lens Ll in Fig. 2. Next the might be the inspection of vertical weld
data is corrected by a smoothing function joints where the top surface is generally
in order to reduce ringing in the final non-planer due to the crown of the weld.
image due to the finite spatial sampling In other cases it might be of interest to
that is necessarily employed in the have the depth information available in
measurement process. Clearly, small real time rather than in near-real time
defects or sharp edges of defects, such as through successive parallel plane
crack tips, scatter widely, and a transformations.
truncation of the fields due to finite
spatial sampling causes a smoothing in the The fundamental requirement of the
image. The weighting function is used to parallel plane reconstruction algorithm is
eliminate the Gibb's ringing created by the small angle approximation. it is this
this artificial truncation, approximation that allows the problem to be

cast into the Fourier transform format.
By taking the inverse transform of (5) Once in the Fourier transform format the

we obtain inversion is accomplished by the inverse

U(x',y') = C'J'UM(u',v1) exp + ik' Fourier transform. Finally, an
unnormalization of the fields gives the
desired result. With that procedure in

(u'x',v'y') du'dv' (9) mind the reconstruction algorithm can be
derived for the case of side looking
perpendicular plane imaging similar to that
described above for parallel plane imaging.

which is the normalized image field. If
phase information is desired then the The geometry of the side looking
parabolic phase unnormalization is carried imaging problem is shown in Figure 3. Here
out,(7). The Fourier transform has the the (x,y) plane is taken as the source
same effect as lens L2 in Fig.2. Note that plane or origin of scattered fields and
the plane of reconstruction is determined (u,v) the measurement plane just as for the
by the parabolic phase normalization and previous case. The scattering region is
that many images may be formed from one set centered a distance S to the side and a
of measured data. However, only one image distance D in depth from the measurement
would be in focus. The operation is like plane. The planes are taken to be
that of an optical microscope wherein the perpendicular. Here r is given exactly by
operator adjust the focus for the desired
image except that here the focus is 2 2
obtained electronically. if the distortion R = [(x-u) (s+v) + (D~y)212 (10)
caused by the detector or array element
spatial response requires correction, then
the final image is divided by the known and may be factored to obtain,
transform of the detector field pattern.

Since the imaging technique has its r=Ro 17 -5 S+yo) • R+ua+X (01)
roots in conventional optics, many
processing techniques employed there may be
usefully employed with the added advantage
of having phase and amplitude as variables where R = (S2 + I2)1 (12)
and not just intensity. o

is the distance between the centers of the
The imaging process may now be two regions of interest. If the x,y and

summarized: 1) measure the amplitude and u,v regions are of limited extent and much
phase Um in the measurement plane, 2) smaller than the total distance r then
weight the fields and correct for known + L I
measurement errors such as array n1-, (\' +/lJ) + -, (vu*x2+y-2xu)
non-uniformities, 3) choose a
reconstruction plane and phase normalize + (j+

the measured fields, 4) do a two 27 (v + y1) a 
$ ..

dimensional Fourier transform to obtain the
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This may now be written in the form where O(x,u) = . (25a)
0(x-)u)

R = R +R (xy)*Rm(U,v) R (X.upy,v,) (14) and = 2 Y V S D

0 s ISMRu~)Rx~~~, 0yv = R 3 (25b)

where XR0

Rx(x,y) = [x2+y'(1-D2/Ro)+2yD]/2Ro (15) Using (23) the phase factors become,

Rm(UV): [u v2 (I-s2 /R 2 )+2vS o  (16) 0(xu) - J 2 IJ Ndxdu (26a)
Rmuv =u vllsR22S]/2R 0J (6",N XR0

and and (yJ 0 21 NdydvSD (26b)and Rs(x,u,yv)=-(xuyvSD/R)R °  (17) KL N 3
sm XRO

This factoring of r is most essential to where NdxduSD = 1 (27a)

the formulation because it allows the field XR3

quantities to be normalized by phase terms

and then cast into the Fourier transform
format. The 1/r dependence in (1) may be
removed from the integral under the small NdydvSD (27b)
angle approximation which essentially and 3
assumes all sources are equally distant XR
from the measurement plane for the purposes 0

of amplitude aetermination. Using (14) for
R, the field expression (1) becomes

These relations are necessary to make01 j
U'(u,v) ik(x,y)e Rs and -KL cyclic of period 21T as required bymm dxdy (18) the FFT algorithms. Thus from (27) we find

where C e O/R (19) dX= XR 0 (28a)
Ndu

or R'
U X, ,( , Pi s xy)dX. = (28b)

U(xy) = Us(Xy)eis~xY) (20) NdW'

kR3
normalized source fie d = 0(and dy 

= 
NdvSD (28c)

Ut(u,v) = Um(u,v)e-ikRm(U'V) (21)

normalized measured field, or dy Ndv'S'D (28d)

In (18) the normalized fields are clearly

in the Fourier transform format through the
definition of r in (17). Taking the
inverse transform of (18) yields. In (28) the primed quantities are the

coordinates normalized in terms of the
wavelength. For parallel plane imaging

= C'XU'(u,v)e ikRsm dudv (22) both x and y are related to u and v by the
same reduction factor, in the perpendicular
plane case the reduction factor may be

which completes the major part of the field different. In practice this linear
inversion process, distortion would cause no problems because

there is always the option of compensating
There is a distortion in the the distortion in the display device.

relationship between the y and v Also, note that if S = D there is no
coordinates due to the scale factor, SD/R , distortion.
in (17). The effect of this is most
apparent when (22) is cast in the form of a IV Two Dimensional Acoustic Arrays
discrete Fourier transform, DFT. In
transition to the DFT formulation the
coordinates are given by From the standpoint of this particular

imaging technique there is no real size
x = Idx (23a) limitation on the array other than the
u = Jdu (23b) small angle requirement suggesting some

bounds on the ratio of array area to object
y =Kdy (23c) distance from the array. Thus a small

V - Ldv (23d) array could be located close to the
scattering fields and a large array farther

where I,1J,,L, .,2....... N. (23e) away assuming both had the same number of
array elements. The number of array

The phase factor in (22) is now written as elements is largely determined by the

-ikR i0(Xu) i(24) resolution and number of pixels desired.
sm = P P Our previous work on transducer
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characterization suggested that an array of used to form a larger array although any
size 64 x 64 is satisfactory from the subset of the 8 x 8 cell would work as
reconstruction standpoint and that 32 x 32 well. In a 64 x 64 array, 64 such cells
would give somewhat less favorable images are combined in a manner indicated
for these confined fields. The rate of schematically in Figure 5 . Here
sampling is determined by the representative signal paths are shown in
characteristics of the image and how the order to illustrate the decoding technique
scattered fields interfere at the remote and to facilitate the computation of the
sampling plane. The mathematical signal attenuation and spurious feedthru
requirements on the number of sampling within the array. Also shown schematically
points is determined by sampling theory, is a 64 x 64 array composed of 64 8 x 8
If the image were known to have a simple cells having one cell (shaded) with one
symmetry then a two dimensional array would chip active (solid line) and within that
not be required or at most a simple array chip one channel is active. Thu dashed
would give all the necessary information line denotes the selected 8 x 8 cell and
required. within that cell the active chip. The

inhibited chip, denoted by INH, represents
In a two dimensional array one major the remaining seven inactive chips within

technological problem is that of accessing that cell. The two chips below the active
the elements of the array. In the imaging cell represent the remaining seven 8 x 8
system described above, the actual image is inactive cells in the selected row of cells
formed by computation using a matrik of common to the active cell. The bottom most
data. Accordingly there is some chips represent all those other cells which
flexibility in the manner in which the data are inactive because they occupy unselected
is gathered and sequential acquisition rows of cells. Such a picture is necessary
seems most appropriate. In addition, the for computing the attenuation because the
array may be operated in either the send attenuation through a chip is Ireater for
only, send and receive, or receive only the unselected state than for th( selected
mode. state. In an active chip the adjacent

channel isolation is from 25 dB to 35 dB
There are acoustical constraints and all other channels within the chip show

placed on the array as well in terms of approximately 40 dB isolation. An inactive
transducer element bandwidth, efficiency, chip shows a much larger attenuation of 45
and radiation pattern, to 50 dB. If we let A represent the

fractional isolation of unselected channels
Below is discussed the electronic and within an active chip, and Al the

acoustic problems in more detail, fractional isolation in an inactive chip,
then, assuming unit amplitude at all 4096

Electronic Scanning channels, and no attenuation through the uN
switches, the output signal is given by,

In an array of size 64 x 64 there are
4096 transducer elements that must be A =1 7All + 8A1 + (8AI)2 (SAI)3]
sequentially or randomly accessed. Such a out [
large number of elements implies that the and results in a worst case condition.
cost per element must be small if the Clearly the 7A term dominates and
overall array is to be practical. A indicates that the given switch isolation
further constraint was the decision to use are adequate.
254 microns (100 mil) spacing of the array
elements. This was a reasonable choice For the 64 x 64 array, there are 512
based upon the finite amount of MUX chips at the first level nearest the
piezoelectric available and the desire to array which are in turn multiplexed by 64
keep the overall array and associated MUX chips which in turn are multiplexed by
electronics of finite size. Thus with 8 chips and finally one chip. The result
elements on a 254 micron (100 mil) grid the is 585 analog MUX chips and some low power
available cross-sectional area for the TTL decoder chips. The output wires from
electronic switching is somewhat limited the immediate vicinity of the array consist
whereas the depth may be anything of 12 address lines 6 for row and 6 for
reasonable, column, two power supply lines, one analog

I/O line and ground for a total of only 16
The electronic switching is wires. The digital lines plug into an IEEE:

accomplished using CMOS 8-1 multiplexer 488 interface which provides sequential
hybrid integrated circuits. These eight scanning via external or computer trigger
channel switches are enclosed in a standard or complete random access of the array
sixteen pin DIP ceramic package. A group elements.
of eight such switches form a 64 element
cell, Figure . Here eight MUX chips are Transduction Elements
stacked side by side and share common power
and row address lines. The eicht analog In the large two dimensional array it
I/O lines are further multiplexed to is necessary to have 4096 transduction
produce a single I/0 line and rnsultant elements. Because of the number of
column address lines. This 8 x 8 cr ll was elements involved the construction of an
used for prototype array designs hefore individual element must be simple if the
going to the full sized array. Accordingly overall array fabrication is to be
various combinations of such cells can be practical. The physical constraints
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imposed upon the individual elements by the introduced by the reference beam is absent.
imaging process are somewhat flexible. Thus the data may be collected with more
First of all, the bandwidth of the widely spaced transducers significantly
transducers need only be sufficient to pass aiding the physical implementation. In
a 5 MHz tone burst of duration greater than optical holography the high spatial
approximately 5 microseconds since the frequency caused by the interference of the
imaging systen employs coherent waves. The angled reference beam with the scattered
lower limit of the pulse duration is waves does not cause any difficulty because
determined by the physical extent of the the recording media, high resolution film,
object since all of the object must be has a spatial resolution much greater than
illuminated. The upper limit is set by the spatial frequency of the interference
stray echo considerations since a modest pattern. In implementing an acoustical
amount of pulse delay discrimination is holographic system, the high spatial
very desirable, frequency must be sampled by a mechanically

spaced transducer or finely spaced
The beam angle of the array element transducer array whose implementation is

must be large enough to sample the object much more difficult except at very low
area. A practical upper bound is set by frequencies (long' wavelengths). In
the small angle requirement of the imaging addition, the number of sampling points is
process and is approximately 30 degrees for determined by the extent of the scattered
the half angle. It is only necessary that field divided by the sampling interval.
the element transducer sample the entire Thus a holographic system requires a
image area preferably without any nulls, significantly larger number of sampling
since the detector response can always be points due to the smaller sampling interval
compensated for in the final image. It is required by the high spatial frequencies
more important to have uniformity in the created by the reference beam.
beam pattern from one element to the next
than to have a wider pattern but with In phased array systems a number of
greater variance between elements, array elements are excited in such a manner

that signals arrive at a common focal
The transduction efficiency of the point. In order to have only one focal

element should be as high as possible as in point the array elements are closely spaced
any acoustic array. However, in this case ( of order X /2) in order to eliminate
the element may be optimized for either grating lobes caused by the finite element
send or receive. For the 64 x 64 array spacing. In such systems spatial
actually constructed, we chose PVDF for the resolution is obtained by the use of short
piezoelectric elements because it is pulses and also by the size of the focal
readily available in 10 x 20 cm sheets, spot as determined by the number of array

elements. In the reconstruction system
The configuration of the elements is described here the object is illuminated

shown in Figure 6 . Here two possible with a tone burst of sufficient duration to
configurations are shown, the left one uses encompass the entire object but not so long
a spherical surface radiator and shows the as to introduce stray reflections from
PVDF film pressed over the electrode posts, regions that are not of interest. The
The posts are in turn connected to the MUX spacing of the transducer is determined by
IC through a socket, left, or directly as the spatial frequency of the scattered
shown on the right. The poscs are made of fields created by the interference of waves
brass and act as high impedance acoustic coming from different regions of he object.
backings for the low impedance PVDF films. Since in our case the image is formed by a
Although several such configurations were Fourier transform process the nature of the
evaluated as 8 x 8 cells, the final 64 x 64 reconstruction is only dependent upon the
array was constructed using flat posts and sampling interval and number of sampling
IC sockets in order to simplify the PVDF points chosen just as in any other Fourier
bonding and to allow the IC's to be moved transform operation. Since the sampling is
to other arrays. The 64 x 64 array was discrete, the transforms become periodic
constructed using four blocks of 32 x 32 and therefore the image is periodic and
since 32 x 32 was the largest physical size unless the sampling is done carefully the
that could be fabricated using available images will run together creating the well
PVDF sheet and hydrolic press areas. The known ailising effect. Thus sampling more
final array is shown in Figures 7, 8.* closely in the measurement plane causes the

periodicity of the image to decrease and
increasing the number of sampling points

V Comparison to Other Imaging Systems better defines the image.

The image reconstruction system VI Experimental Results
described above has some similarity to
acoustic holography 121 in that the fields A two dimensional array was fabricated
are measured in a two dimensional plane, using the switching and transduction system
flowever, in this case the phase information described above. Measured data for the
acquired in the data collection is used array are shown in Figs. 9-11. In Fig. 9
directly in the reconstruction process, the amplitude data for each element is
This system does not require an acoustic shown in a grey scale display in order to
reference beam during the measuring process test the element fallout pattern. Here
and consequently the high spatial frequency each element was mechanically positioned
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over a 0.5 inch diameter 5 MHz transducer
located 18 inches away. The system was
operated in the pulsed CW mode, the signal
envelope digitized by an A/D converter and
then sent to the display memory. In the |
display, the black regions represent zero
signal conditions which are due to faulty
MUX chips or wiring errors. The ix8 -
drop-out regions are due to errors within
the 8x8 cells and the 8x8 drop-outs are due
to errors in wiring at the next higher (64 .
chip) decoding level. Since the chips are
replaceable, the 1x8 and 8x8 drop-out Fig. 1. Relationship between field reconst-
regions may be repaired. The lxl or single ruction or source region and measurement
element regions are either due to plane
short-circuited transducer elements or bent
pins where the IC's plug into the
transducer socket. Single element - F
drop-outs occurring in a random manner do H -
not degrade image quality because of the . -,. -
nature of the Fourier transform process.

In Figs. 10 and 11 are shown the
measured radiation pattern of the source
transducer. Clearly visible is the side
lobe structure in the linear amplitude
plots. No correction was made for
variations in element transfer functions ---

although this would be required in as
eventual imaging system.

VII Conclusions Fig. 2. Schematic of imaging system,
a) compared to classical optics and lens

An acoustic imaging system has been system b)
detailed and the means to implement the
system using two dimensional arrays has
been described. The two dimensional array
has been constructed using PVDF
piezoelectric films and CMOS analog
switches for sequential accessing. The
experimental results obtained to date on .
the 64x64 array clearly demonstrate the D.,

feasibility of the imaging implementation
using two dimensional arrays. The imaging
technique was previously demonstrated in
relation to transducer characterization
using a single mechanically scanned
transducer rather than an array.
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Fig. 8. Electronics side of the array

i. showing the MtJX integrated circuits.

If T I

Fig. 5. Schematic of overall miltiplexing
system. Dashed lines outline the 8 x 8
cell, next lower row of chips, the bottom
8 x 64 row, and finally the bottom row
represents all other inactive chips. e

ML-I- i i
....o1*55i 7 : I/i =

00--: Fig. 9. Fallout pattern of array, grey
I 7scale amplitude desplay. Black represents

... I! ' Fi.9 alotpttrfarage1 zero signal level.

Fig. 6. Array element construction showing
high impedance electrode posts connected to
IC socket or the IC directly as possible
choices.

F'ig. 10. Radiation pattern of 0.5" dia.
transducer; grey scale display.

Fiq. 7. View of array on acoustic side show-
ing 64 x 64 elements in groups of 32 x 32.
Imperfections are only in the regions Fig. 11. Plotted data of 32 x 32 region of
between the electrode posts. radiation pattern of Fiq.1O.
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SUMMARY DISCUSSION
(Ken Lakin)

Jerry Posakony (Session Chairman-Battelle Northwest)t We have time for a couple of
questions.

Gordon Kino (Stanford University): This is basically a holographic reconstruction
system, as I understand it.

Ken Lakin: I don't use that terminology because it gets confused with holographic
systems where you use an optical wave. I prefer to speak of it as a digital
lens by implementing the acoustic lens mathematically.

Gordon Kino: The question I'm asking: doesn't it have the same problems in that
you're using a single frequency. You're going to have the speckle problems,
aren't you? You're going to have, essentially, range definition problems, too.

Ken Lakin: It has no more problems than a lens. It is a lens.

Gordon Kino: Fair enough.

Ken Lakin: What you get in the way of aliasing depends on how you do the reconstruc-
tion. I have been a little hesitant to charge off on the array processor because
my current feeling is I don't want to do a 64 by 64, two-dimensional transforms.
Instead, I want to take my 64 by 64 data and mesh it in a 128 square matrix.
That helps reduce the alias problem.

Dale Collins (Holosonics, Inc.): I think what we have seen is the longitudinal
resolution problem due to using coherent sound. When you use a lot of range
and use coherent sound, your range resolution is very poor in a coherent system.
I'm just saying, like Kino says, it's very difficult for range resolution in a
coherent system.

Ken Lakin: Range resolution is dependent on how much angle you get in the lens, and
right now I feel that the reconstruction algorithm is good for plus or minus
30 degrees.

Dale Collins: But you do compute your image in a certain plane?

Ken Lakin: Yes, we just take slices --

Dale Collins: If you had your range resolution (inaudible) you could make your
algorithm.

Ken Lakin: The question of range resolution is one of the reasons I looked at the
side looking imaging approach. There I could make out a vertical slice because
I could get transverse interference patterns.

Jerry Posakony: One last question up here, please.

Paul Gammell (Jet Propulsion Lab): Do I understand what you're bringing out on th,
range resolution was the fact that the length of the burst which you're usine
to get the asimuthal resolution is sacrificing your time of flight informatiun*

Dale Collins: That's true usually in the pulse echo system. We use a broadband syo:tem
to obtain range resolution.

Paul Gammell: You can get a data trade-off -- there's mathematical limitations still.
If you were to use something where there is some time coding. I'm thinking of
specifically phbse coded or pseudo-random techniques.

Dale Collins: Such coding will bring back broadband situations.

Ken Lakin: The spatial resolution here comes from the interference phenomenon and
therefore I do not want the shortest possible pulse. If you have two objects,
one behind each other, then you can see that if you're going to measure any
sort of reasonable interference from that configuration, you have to be suffici-
ently off to the side in order to get a large enough angle to see where the inter-
ference starts. If the objects are side-by-side there is no problem and you get
nice transverse resolution. That's why I was looking at an algorithm for side-
looking imaging. Because, if you get off to the side, then you can see objects
behind one another, and the interference pattern from those two sources can
be easily measured off to the side.
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PROGRESS REPORT ON VARIAN ULTRASOUND IMAGING SYSTEM FOR NDE

George Jahn and Steve Gehlbach
Varian Associates, Inc.
Palo Alto, CA 94303

ABSTRACT

This report describes an effort to develop a portable ultrasonic imaging system for NDE use. Re-
sults of a short applications study undertaken to identify important NOlE problems which would benefit
from such a system are presented. The overall system design goals and methods to accomplish them are
described.

INTRODUCTION had, the types of flaws, the size, the material,
the seriousness of the problem, and current me-

In late 1977 the Systems & Techniques Labora- thods of detecting and characterizing the flaw,
tory within the Corporate Research Division of and how the detection and evaluation process could
Varian contacted Mike Buckley regarding develop- be improved, hopefully with an imaging system. In
ment of an ultrasound imaging system for use in the ciurse of the study we d hoped to learn the
nondestructive evaluation based on previous work economic severity of various NDE problems. Unfor-
in medical ultrasound imaging. A contract was tunately this information was not discernible in
subsequently awarded in late 1978 which has two the interviews.
parts: an applications study and a development
program. The applications study was intended to Figure 2 shows a table of the kinds of de-
identify important NDE problems whose solution fects about which we learned. Figure 2 was re-
might be assisted by high-speed ultrasonic imaging, organized into Fig. 3 according to types of flaws
Also, an appropriate instrument configuration was including cracks, disbonds, honeycomb core darrage,
to be described. The instrument development phase voids, and corrosion damage. The minimum critical
called for development of a portable ultrasonic dimensions are shown along with the different
imaging system for nondestructive evaluation, types of material involved. In looking over Fig. 3
Features were to include phased-array steering we attempted to determine which problems could be
techniques with transducer frequencies between 5 helped by high-speed imaging. We came to the con-
and 10 MHz, real-time contact scanning, and a dis- clusion that examining high-quality bearing-grade
play and simple operator interface. Development steel billets to provide a cleanliness index would
of appropriate multi-element transducers whose be a good first application. Among other things,
beams could be steered were also specified in the the geometry is simple to understand and there is
work statement, a good opportunity to make good acoustic contact

with the specimen. Imaging of welds also seems to
A list of the Varian professional staff in- be an extr, mely important NDF probler. While ex-

volved in this project is shown in Fig. 1. amination of fastener holes for cra(ks is an im-
portant subject, techniques for detecting the

Robert Alvarez flaws already seem to exist. Also, the detet ton
Weston Anderson of flaws in the second and third layers is, diffi-
Doug Clark cult, if not pos.ible. [ j ing oltrasnund. Core
Ron F)aigle damage due to corrosion appear to be import cnt,
Ted Davids however, there also seem *,) be switable techniques
Steve Gehlhach for determiniro the core daMa,11e and dishonds. We
George ,Iahn felt that the proilems with ( onta( I and geometry
Wendell Lehr of engine di,,( s would not re aporopriate for our
Willia1111 r intp - erta. 01t1 ner Th10 " if , rs or lh,( stud i s
Joseph Sharp th i we weIld d, 1, n err i iv tr nln t inspert
Peter St neet,rom rilh-qoJi, itv steel hill ts aid wld', Wuing a''
Dennis Watzel i', ivsrlivnQ to, hnilu.,
Alice Wehlau

INSIRlIMi NT 1 ,1l;N
Fig. I

Parti ipants in Varian ND[ [fevelopient Proje riqrre 4 'how" I lio k ,'i rai of the piu-
posed inst rument. The transd oer i a mil ti-

APrLICATIONS STUDY element Ji,.coF,1e trik design; the, initial proto-
types have been built by Pierce Khuri-Yakub of

Earlier this year Wendell Lehr an,! I went to Stanford (University. The transmitter shock ex t.
a number of military and commercial facilities to a single element of 'the transducer. The ultrasnir
learn about NDE problems. The list includes echoes resulting from a single transmit pulse are
United Airlines in South San Francisco, Mare received by the transducer array and preamplified
Island Naval Station in Vallejo, California, Kelly by each channel prior to frequency conversion.
Air Force Base, Tinker AFB, McClellan AFB, Wright All elements of the transducer except the trans-
Patterson AFB, Naval Research Laboratories, and mitter element are connected to wide hand rf amrli-
AMMRC in Watertown, Massachusetts. We asked the fiers which are low noise and have a dynamic rale
ND users to desi(ribe the kind,, of problems they of approximately 7n dB. The output from each
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Fig. 2 Fig. 4
Flaw Data Block Diagram of Proposed Instrument

Dimension,. COntEE 0

TLR'. -'I-T,,d LtlAj __o ITsO PtAteta NuVbers keyboard, and display are included in the instru-
ment.

CAAS

rF tnr oe(Arols t Ukno- Al1.1- |
SAD SI$ ITS. TC UM/OST . I' I3. Figure 5 shows a block diagram of the fre-

wT-bd Blade% - 4 quency conversion process. We decided to down
Inl,. 1,1 .015 Sl o, 5. 2o. 'I convert because the A/D converters can sample theAedIS (FlnS. 0u/Sb) UnTVOOD STl II, It, 24

T.Tly S,,1 /IT ST 1 bandwidth adequately but not the carrier. The data
5,W.a 05 altNn I storage memory is also reduced. The frequency

translation operation is performed in quadruture
by using multipliers and local oscillators with 900

, S t.,; : , ,4 l ,,F . met a t . 6 phase difference . The difference frequency is se
Sp JTT C Ine 1,, Gr1, +t L poT phas 7,u /.y. Se

5-. .C... 1R Io.1, .. . 1- lected by the low pass filter and then the signal
IV~IA uon 5Oyl11tTb5I is A/D converted and stored in the random access

•T'C 5TITII 'bo T 0+, 1/ T ... OAS .
° ,

s
' ;  IS memory. The data rate for the A/D converter is

consistent with the Nyquist rate for the half band-

:LI A-M, , , width of the bandpass signal since two channels are
used. All of the information contained in the in-

'-" pit signal is retained by this method so that Sig-
Sd I l (onstrutE ion and beanl tormi ( il he per-

0~ p. IAATA?

... .. ,S+A....,,,

,4., I . ,.. .

, ivfr channel i t fI queInrcy converted to tla<,, 
,  

IIbnd. The down onve~te n are pro d......

qj inc+ nnol1 near c+qijare root (ir(+,lits,. to (ippres "-
thV 7(M (1 r t 'nami: ran(.e into approximately 15 (M."

Tne ;1iultiplP thatrn{+] Outputs are A/tD (onvertedi
l in r hiqh-'ppel TRW I bi t onver ters c .lo( kTd Tt

approximltely 101 MHz. The multiple output, are fi q.
written into high-speed stati( memory. Approxi- Rlo( k Diagram of
-iately 100 mi(rose(onds worth of data are captured Frequency Conversion Process
for Pa(h transmnit pulse, Fa( h point in the field
of view of the trarsducer (orrespnnds to a point
en the display. Signals at varilus memory loca- Figure 6 shows some of the specificat ions of
tions are summed to reconstru( t a specific point in the instrument. Our initial transducers will have
the field of view. thp reconstructor generates a 16 elements but we may go to a wider aperture 32-
pi(,tTirP 70 times per setond. Cnntrol hardware, element design. The digital approa(h allow,
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Transducer Frequency 5-10 MHz

Bandwidth 2-4 MHz

Number of Receiver Elements 16-32

Field of View 
+ 450

Depth 30 cm

Flaw Detected 1 mm

Frame Rate 30/sec.

Physical Portable

Display CRT, Polaroid

Focus Dynamic

Delay Digital

Aperture Up to 3 cm

Transmitter 300 V 15 ns Falltime

Receiver Dynamic Range 70 dB

Fig. 6
Specifications

expanding the size of the array easily. A re-
ceiving time period of 100 microseconds after the
transmit pulse corresponds to a depth of approxi-
mately 30 cm in steel. One of the components which
makes this digital delay approach now possible is
the TRW LSI A/D converter. We have found that the
circuits work well and are relatively easy to use.
It was a pleasant surprise recently to learn that
they have been reduced in price by 50% so now they
are less than $100 each in quantity.

A simple mock-up of the system has been con-
structed. The mock-up multiplexes the outputs
from 16 channels into one A/D converter channel,
then into a minicomputer system. Computer recon-
struction of the images will provide information
on the exact reconstruction algorithms to be im-
plemented and hardware. Preliminary pictures are
not yet available. The design work on the project

should be finished by the end of August at which
time the construction will begin.
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MAPPING OF MATERIALS STRESS WITH
ULTRASONIC TOMOGRAPHY

B. P. Hildebrand
Spectron Development Laboratories, Inc.

Costa Mesa, CA 92626

and
T. P. Harrington

Battelle, Pacific Northwest Laboratories
Richland, WA 99352

ABSTRACT

It is known that internal stress concentrations can give rise to microcracks which then grow dhen the
structure is subjected to external forces. It has also been found that the velocity'of sound is altered
as it propagates through a region of stress. In this paper we discuss a technique called Computer-
Assisted Tomography (CAT) and describe an application that provides pictures of stress fields. We report
the results of both simulated and experimental models used to evaluate the technique. We conclude that
the CAT approach has great potential for locating and mapping residual stress in metals.

INTRODUCTION

One of the outstanding problems of non-destruct- acoustic constant is approximately 0.197 nsec/cm/
ive testing is the location and measurement of areas 6895 kPa. This constant means that a 6895-kPa
of residual stress. In the manufacture of large increment in stress produces a 0.5 nsec change in
structures, such as pressure vessels, a number of travel time through a 2.54 cm thick specimen.
very large welds are required. The heat-affected Since it is relatively easy to measure time-of-
zone surrounding the welds will contain residual flight changes to this accuracy, the sensitivity
stresses due to uneven cooling rates. In practice, of the proposed method should be approximately
these stresses are relieved by heating the entire 6895 kPa.
vessel to some appropriate temperature and then At the present time, a number of researchers
carefully controlling the cooling rate. This stand- have made velocity measurements for the computation
ard procedure has not always been successful in of stress. This data, however, has been obtained
relieving the residual stress that is induced by in the form of spot measurements or profiles. No
the welding process (Ref. 1). Structural designers one has yet attempted to take a number of profiles
realize this, and try to compensate for the possi- at different angles in order to reconstruct a cross-
bility of stress concentrations by overdesigning. section of the residual stress. The purpose of
This leads to penalties in terms of both added this paper is to discuss our efforts to develop a

weight and cost. Consequently, there is high mo- method for mapping stress anomalies utilizing vel-

tivation for finding and delineating such concen- ocity information and an image reconstruction tech-

trations. nique known as Tomography.
Currently there is no satisfactory test for A Tomogram could be described js a picture

measuring the success of stress-relief procedures. of a slice. Over the past several years, CAT scan-

Thus, it may happen that high residual-stress re- ners have revolutionized the field of diagnostic

gions exist in the pressure vessel. If these re- medicine. This technique uses x-rays to obtain

gions occur in critical areas (such as nozzle-to- visible, thin slices through any section of the

vessel joins), cracks may develop, which would human body. We are applying the same reconstruction

require subsequent plant shut-downs and expensive algorithms used in medical applications, (except

repair. If it were possible to detect and map for the substitution of ultrasound for the x-rays),

residual stress, local stress relief could be ap- to generate velocity maps of cross-sections of thick

plied, and future problems could be avoided, metal sections.
Standard Nondestructive Testing (NOT) examin- In the following section, we briefly discuss

ations consist of radiology and ultrasonic pulse- the principles of Tomography, and describe the

echo. Neither of these techniques can reveal the Algebraic Reconstruction Technique (ART) we are us-

presence of residual stress; the former because it ing to construct the velocity profile. The third

shows only density variations, and the latter be- section describes several computer simulations for

cause stress regions are not sharply defined; testing the ART algorithm. In the third section,

hence, they do not reflect much sound. It is we also discuss the effect of varying several param-

known, however, that the velocity of sound in a eters and describe the effect they have on the

solid is affected by stress. This phenomenon is a quality of the reconstruction. In the fourth sec-

third order effect, and has been used primarily to tion, we describe an experimental apparatus, which

determine the Lame and Murnahgan elastic constants we have developed in our laboratory, for obtaining

for various materials. time-of-flight measurements. It also includes a

A number of studies have shown that it is discussion of reconstructions generated from these

possible to measure velocities with sufficient ac- experimental data, and a description of the calibra-

curacy to detect and calculate residual stress tion procedure we are using in order to relate the

(Ref. 2-4). Typically, for steel, the stress- velocity of sound to stress. In our conclusion,
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we comment on the validity of this method for map- This means that there are 400 unknown velucities to
ping residual stress and also describe a prototype solve for. If we take 20 independent views with 20
instrument that we are building to test this tech- rays per view, the result is 400 equations in 400
nique. unknowns, or a 400 by 400 matrix to invert. Fur-

thermcore, the matrix will be sparse, since each ray
PRINCIPLES OF IMAGE RECONSTRUCTION will usually intersect less than 30 pixels.

IN COMPUTED TOMOGRAPHY Other reconstruction algorithms are available

that overcome the limitations i:Iposed by the matrix
As we noted in the introduction, Tomography has inversion method, some of these alternatives are:

had its greatest impact to date in the field of
diagnostic medicine. A good source of references (1) Convolution, which is based on the work of
on medical Tomography can be found in a paper by Johann Radon who first solved the equa-
Brooks and Dechiro (Ref. 5). The principles of tions governing image reconstruction in
image reconstruction using Tomography have also 1917)(Ref. 12-13).
been applied in a number of other disciplines:
Electron Microscopy, Radio Astronomy, and Nonde- (2) Fourier Transform, which is the spatial
structive Testing (Ref. 6-11). frequency version of convolution (Ref. 14).

To clarify the discussion that follows, a brief
digression into the principles and terminology of (3) Back Projection, which was used in the
Tomography will be necessary. Consider Figure la, first attempts to produce Tomograms of
which is a particular cross-section of a general living patients.
three-dimensional object. Define the velocity
distribution of the object as v(x,y,z). Assume an (4) Iterative Techniques, which are probably
ultrasound pulse, transmitted from location t, the most widely used reconstruction
traverses the object along path Z to a point r methods.
where it is received. The time-of-flight along
path Z is a function of the velocity distribution ITERATIVE RECONSTRUCTION ALGORITHMS
along the path, and is given as the line integral

All the iterative algorithms start with an "in-

t o ) = f (1) itial guess" as to what the image looks like. Typ-
01 ically, the average value of the projections is

divided among all the pixels that make up the image.

where p and 2 define the path Z from t to r. If The algorithms then adjust the pixel values to bring
the variable p is allowed to vary continuously over them into better agreement with the measured pro-
the object at a constant angle, a one-dimensional jections. These algorithms are iterative in that
projection of the velocity distribution will be they continually sequence through the set of pro-
obtained. jection data, updating the pixel values until a

The reconstruction problem is to estimate the stopping criteria is met. An example of a stopping
velocity of the cross-section v(x,y,z ) from the criteria would be a measurement of the change that
projection values. Clearly, this can only be done has been made to the image during an iteration. If
if the projection values are available for a large the change is less than some prespecified minimum,

number of angles i. Also, in actual practice the iteration is stopped.

the projection values are available only at a dis- The three most popular iterative reconstruction
crete number of theo i fcr each angle i- Thus, the algorithms currently in use are: the Iterative
reconstruction is an approximation to the actual Least Square Technique (ILST) of Goitein (Ref. 15),
velocity field, with resolution being a function the Simultaneous Iterative Reconstruction Technique

of the spacing between rays Aoj and the degrees (SIRT) introduced by Gilbert (Ref. 16), and the
between angles A)i. Algebraic Reconstruction Technique (ART) discovered

In theory, the velocity field can be recon- by Gordon, et al (Ref. 7, 17). Our preliminary in-
structed quite easily from the projection infor- vestigation of both ART and SIRT indicates that ART
mation. To see this, visualize a square grid su- produces better reconstructions than SIRT, given
perimposed over the object o7 Figure la as shown the amount and nature bf the data that i' available.
in Figure lb. If we assume that the velocity with- You will remember from the discussion earlier

in each square (pixel) is constant, then the total in this section that the time-of-flight for a given
travel time through the grid becomes the sum of projection can be approximated as a sum of the time-
the travel times in each of the pixels. Each ray of-flights in individual pixels. Briefly, the ART
that passes through the velocity field will inter- algorithm works as follows: for each ray in the
sect various pixels, data set, ART compares the experimentally obtained

The length of the ray segment in each pixel can time-of-flight with the time-of-flight calculated
be determined quite easily by using geometry. If using the current pixel values. If they are differ-

a ray of length 1 lies in a cell with velocity vk, ent, ART updates the velocity in each of the pixels
the travel time through the cell is l/vk . Thus, as a function of the length of the ray path in the

the total time-of-flight can be expressed as a pixel. After the pixels along the ray have been

linear equation whose unknowns are the velocities modified, the time-of-flight calculated from the

vk. By using a number of independent rays that is pixel values matches that obtained experimentally.

equal to the number of grid cells, a linear system ART then cycles through the remainder of the rays

of algebraic equations can be generated and solved in the data set, repeating the process described

for the unknown velocities, above. However, as each new ray is processed, the

The difficulty with solving for the unknown value of previously updated pixels will be changed.

velocities by inverting a system of algebraic equa- This is the reason for the need to iterate. It

tions is that, even for small grid systems, the size has been shown, however, that the image improves

of the resulting matrix is prohibitive. For exam- after each iteration and converges to the best

ple, consider a grid system of 20 by 20 pixels. solution in a least squares sense (Ref. 17).
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The majority of medical CAT scanners in use
today employ one of two geometries for obtaining
profiles. These two geometries are usually refer V j

red to as fan beam and parallel beam. Fig. 2 points k

out the differences between these two approaches. Eq  k

In the parallel beam method, a set of measurements av i Vk
are obtained by scanning the source and detector k
linearly past the patient. The entire scanner
assembly is then rotated by a fixed amount and the This has also been used by Sweeney and Colsher (Ref.
scan is repeated. In the fan beam approach, the 18, 8). The final error function that we calculate
source rays are formed into a fan of narrow beams is the residual, which is defined by:
that encompass the patient. The rays are received
simultaneously by an array of detectors. For this
geometry, the source and detector array are also i.p p
rotated about the patient. Since the fan beam Rq  p(,iOj) _)2 (6)
method does not require a linear translatinn of

the source and detector, it is capable of mu:h
superior performance. where P( 'i,Pj) is the actual measured time-of-flight

for the ray path defined by 0i and p and pq(oi,pj)
SIMULATED DATA is the computed time-of-flight for te same path us-

ing the pixel values after the qth iteration. This
To test the feasibility of using time-of- measure indicates the degree to which the recon-

flight information along with the ART algorithm structed image satisfies 'the measured time-of-flight
to reconstruct velocity fields, we have simulated data. Notice also that this is the only error meas-
several different images on the computer. As ure of the three that is valid for experimentally
metntioned in the previous section, the time-of- obtained data. This criterion has been employed by
flight for a particular ray crossing a velocity Colsher (Ref. 8).
field is given by the line integral An obvious deficiency of the first two error

criteria is that the test image must be discretized.
Several of the velocity fields that we used to gener-

to(p) f L (2) ate our simulated data are circular and thus diffi-
v cult to discretize. This problem tends to negate the

usefulness of these two criteria.
To obtain simulated time-of-flights on the computer, All of our reconstructions were performed on a
this integral can be discretized to: PDP 11/70 minicomputer. It is not valid to discuss

execution time, since this computer operates in a
K multi-user environment. On the average, however,

t2 = L vkijiVk (3) each iteration of the ART algorithm required approx-
i, j k=1 imately 30 sec of wall clock time and 5 sec of comp-

uter time. All of the isometric and gray scale
where Zkij is the path length of the ray defined by images presented in this report were post-processed
0. and ,i through the cell k. And K is the set of after the ART reconstruction program was completed.
all cell which intersect the line 4. In our initial investigation of the ART algo-

To visually compare the reconstructions with rithm, we simulated parallel beam geometry, as des-
the simulated velocity fields that were used to cribed in the previous section. Fig. 3a represents
generate the data, we construct both isometric views a velocity field having two islands of 2". velocity

increase in a uniform region. Fig. 3b shows the re-and black-and-white gray scale images of the recon- construction when time-of-flight profiles are taken

struction. We will use both of these techniques to oerull 180n fieof viw. poie at te
display results in this paper. To obtain a more over a full 180 ° field of view. Notice that the
qualitative idea of how the reconstructions compare tops of the two islands in this reconstruction are
with the original image, we calculate several error fairly flat and the steep sides approximate the testparameters at each iteration of the ART algorithm, image very well. In Fig. 3c, a 90' field of view

was available to the reconstruction algorithm. In
The discrepancy is defined as: this image, the tops of the islands are somewhat

irregular and the sides have less slope than the
2 1/2 180 ° field of view reconstructions. The 90' data

S (VKq k base, however, still provides an adequate reconstruc-
Sq k (1) tion of the test image. Fig. 3d shows the result of

I using a 45' data base. In this reconstruction, the
(V 2two islands have been smeared into the uniform vel-

k k ocity region. The tops of the islands are rough,
and the height does not represent a 2% velocity dif-

This is a normalized Eu{idian norm where Vk is the ference. The walls of the islands in this recon-
velocity value of the k pixel of the test image, struction also have a very shallow slope. The reason
V is the average velocithof the test image,tand V for the poor reconstruction with a 45' field of view
is the velocity of the k pixel after the q it- is that the majority of the rays pass through one of
eration. This equation shows that the discrepancy the two islands. As discussed in the last section,
is the ratio of the root-mean-square error to the the velocity differences are divided among all the
standard deviation of the test picture. This meas- pixels in the path of the ray, Since there are few
ure was suggested by Gilbert (16), and has since rays which pass completely outside the two velocity
been used by Herman, et al (17) and Colsher (Ref. islands, the smearing effect is not counteracted.
16, 17, 8). A major goal of our present work is to develop

The second error parameter we calculate is the procedures for mapping residual stress in thick met-
mean relative (or average) error which is defined al sections (typically 10 to 20 cm). In many prac-
as: tical situations, it may not be feasible to obtain

285



time-of-flight profiles by either- of the geometries determined by making a series of pulse-echo measure-
discussed in the previous section. For instance, ments as far as possible from the induced stress
it may be physically impossible to position a de- region. Levels lighter than 5 indicate velocity
tector inside a pressure vessel. increases and those darker than 5 indicate velocity

To overcome this difficulty, we have been in- decreases. Each level represents a 0.31 velocity
vestigating the feasibility of locating both the change. The physical dimensions of the reconstruct-
transmitter and the receiver on the same side of ed region are 38 mm x 38 mm.
the metal section. Figs. 4a and 4b illustrate the Notice that by scaling all three images to the
differences between this geometry and those discussed same maximum and minimum velocities, no detail can
in the last section. Fig. 4a illustrates the case be observed for the C scan. This is because the
in which both sides are accessible. The only way velocity change assigned to each shade of gray ex-
in which different angular profiles can be taken ceeds the total change in the C scan. The calcu-
is to launch the waves at different angles by tilt- lated maximum velocity variation was 2.6%, 1.81,
ing the source. Theoretically, it is possible to and 0.4% for Scans A, B, and C respectively.
launch waves over a ±90° field. However, note that In Figs. 3a, 8b, and 8c, we show the same re-
the receiver would need to be moved farther away constructions, but here we have scaled each image
with increasing angle. Hence, a practically ob- by its own maximum and minimum. That is, for 8a,
tainable field of view with this method is t45 ° .  the levels represert 0.3% velocity change; for 8b,

Fig. 4 illustrates the dilenma produced by 0.2%; and for 8c, 0.04%. As in Fig. 7, the middle
the requirement for single surface inspection, and gray level corresponds to the average velocity in
the solution. The back surface of the section is the aluminum section away from the stress region.
used as a reflector, with the receiver placed to By using this scheme for displaying reconstructions,
receive the reflected signal. Note, however, that we can see detail in the C scan which was hidden
the reconstruction will now include a mirror image in Fig. 7c. However, there is now no convenient
as well as the object itself. Also note that in way to compare Figs. 8a and 8c.
both cases, the total geometric path length changes
as a function of angle of view. Both of these pe- Reflected Beam - We have performed several experi-
culiarities must be taken into account by the re- ments to test the reflected beam techniques. As
construction algorithm, a model of a region of velocity change in an other-

wise uniform metal volume, we chose a rubber glove
EXPERIMENTAL DATA filled with a water-alcohol mixture surrounded by

a large volume of water. The ratio of wat(r to al-
Parallel Beam - To demonstrate the ultrasonic tom- cohol in the glove was intended to provide a 3"
ography technique for mapping velocity fields, we increase in the velocity of sound over the sur-
developed a model which allows us to obtain time-of- rounding water bath.
flight profiles in the vicinity of a known stress To simulated reflection from a back surface,
concentration. This experimental model, diagrammed we placed a transmitter-receiver pair on the same
in Fig. 5, consists of an aluminum specimen measur- side of the rubber glove, and a mirror on the op-
ing 25 mm x 50 mm x 380 mm. At the center of the posite side of the glove centered between the two
50 mm x 380 mm plane, we caused a 6.35 rmm diameter, transducers. A single profile was obtained by
3.17 mm deep, flat bottom depression by applying scanning the transmitter-receiver combination
a 6,350 kg force. We then obtained three sets of linearly past the glove. Additional profiles were
time-of-flight profiles at Positions A, B, and C as obtained by changing the distance between the
shown in Fig. 5, Position A being 3.17 mm below the transmitter and receiver and repeating the linear
bottom of the depression and B and C being 9.52 mm scan.
and 15.87 mm below, respectively. In one experiment, we used a data set consist-

The time-)f-flight measurements were made us- ing of 23 profiles taken at angles from 10' to 120'
ing the parallel beam method. The source and re- in steps of 50. Each profile consisted of 31 time-
ceiver were adjusted to obtain 27 views from -52* of-flight measurements taken at intervals of 7.37
to +52° in steps of 4° . nm. Fig. 9 shows the reconstruction of a cross-

Figure 6 shows the time-of-flight profiles section of a single finger of the rubber glove
obtained for the B scan: 6a shows the profiles from obtained from this data set. The reconstruction
0* to 52', while 6b shows profiles from the angles indicates a sharp velocity change in the region of
-4' to -52°. In this representation, the profiles the finger. The maximum velocity change calc 'ated
are all scaled by the same factor but they have for this reconstruction was 2.7%, which is close to
been repositioned along the vertical axis so that our measurement of the actual velocity change with-
each set could be displayed on a single plot. One in the glove.
important point to notice in Fig. 6 is that as the
angle increases, the resulting profiles deteriorate Calibration - In order to relate velocity measure-
(contain points which appear to be inconsistent); mentsto stress, we have initiated a calibration
however, we have found that if a small number of experiment. The purpose of this experiment is to
time-of-flights obtained are in error, the result- obtain velocity measurements as a function of
ing reconstruction is not drastically affected. stress, both tensile and compression. To accomplish

Figures 7a, 7b, and 7c show gray scale images this, we fabricated tensile and compression speci-
of the reconstructions from Positions A, B, and C mens from 6.45 cm, A516-74A, grade 70, pressure
respectively. In generating these images, we have vessel steel plate. These were placed in an MTS
applied the same maximum and minimum velocities to 810 material-test-system machine located in our
scale each of the reconstructions. Doing this laboratory.
shows how the velocity falls off with distance from Time-of-flight measurements were made with
the stress region. For these images, we have also a system consisting of a Metrotek MP 215 High-
positioned the levels of gray so that the middle energy Pulser (driving a wide-band transducer),
shade (Level 5, counting from the darkest level of and a Metrotek MR 101 Receiver and Metrotek MG 703
gray) corresponds to the average velocity measured Interval Gate (driving an HP 5345A Time Interval
in the aluminum sample. This averane velocity was Counter). The transducer was coupled directly to
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one side of the specimen and stress was applied. We are currently testing a prototype instrument
The MG 703 was set to gate out the first and second for measuring stress in an online production en-
echos from the back surface of the specimen. This vironment. The instrument consists of an array of
eliminates any possible error due to the coupling transducers placed in contact with the metal sur-
thickness. We have found this measurement to be face. Two elements of the array are selected to
repeatable to 0.1 nsec. Transverse strain was meas- form a pitchcatch arrangement. One is used to
ured with a Lion Precision Corporation Metri-Gap transmit a pulse and the other to receive it. The
300-3 Capacitive Micrometer to a precision of 25 pm. choice of elements defines the angle of the ray to
A thermocouple was also attached to the specimen to be measured. After a time-of-flight measurement
keep track of the temperature as the specimen was has been made, the selected set of two elements are
stressed, electronically moved over by one element and a sec-

The results of these tests are summarized in ond measurement made. In this way, a whole profile
Figs. 10 and 11. Curves 1, 2, and 3 of Fig. 10 are can be made very quickly.
derived from one tensile specimen and curve 4 is After one profile is made, the separation be-
derived from another. Curve 1 represents a test run tween the two elements is changed by selecting two
well below the yield point, curve 2 is a test run of different transducers and the process is repeated,
the same specimen taken past the yield limit, and giving another profile at a different angle. All
curve 3 is a final run taken to failure. This set of the necessary data can thus be taken in a few
of curves is extremely interesting since it seems to seconds or less, depending upon the accuracy de-
indicate that the specimen retains a memory of its sired.
last test if taken beyond yield. Curves 1 and 2 The time-of-flight measurements are fed dir-
follow the expected path of a linear velocity in- ectly into the memory of a microprocessor. When a
crease with stress. However, after stressing the complete set of data is available, the computer
specimen into yield, as Vas done in curve 2, the executes the ART algorithm and displays the result-
behavior of the velocity (curve 3) is that of a ing reconstruction on a CRT display.
specimen under compressive load. It appears as An additional problem also needs to be dis-
though a net residual compressive stress is present cussed at this time. When sound waves travel
in the sample. The tension introduced by the machine through media with different velocities, they are
must first overcome the residual compressive stress refracted. In the work discussed in this report,
before the velocity again increases. This residual we have assumed that the sound travels in a straight
stress apptars to be about 2.07 x 105 kPa. Note line between the source and receiver. The diffi-
also, that the yield strength of the material in- culty in trying to include the effect of refraction
creases from about 3.10 x 10' kPa to 4.55 x l05 in our analysis is that we need to know the veloc-
kPa due to work hardening (as is well known). Curve ity field to calculate the refraction. However,
4 is the result of a test on a second identical the velocity field is exactly what we are attempt-
specimen, performed to corroborate the stress acous- ing to determine.
tic constant derived from the first specimen. This Several solutions to this problem have been
factor, which is the slope of the curve, is 7.33 x suggested. The most accurate method would be to
10-/6.9 x lO kPa/2.54 cm. include the refraction equations in a simultaneous

In Fig. 10, the curves are drawn only for the solution for the velocities. However, as we dis-
strels region before yield is reached. This is be- cussed earlier, a simultaneous solution to the
cause the readings become erratic past this point, problem is impossible because of the large number
For this material, the velocity change appears to of equations and unknowns involved. A more prac-
flatten out. However, this may be due to the well tical solution would be to first compute the vel-
known behavior of materials in tension such as dis- ocity field as we have described. Once we have an
location and slip fractures in the material. In estimate of the velocities, we could iterate sev-
compression, a much smoother behavior is revealed, eral additional times using a modified version of
as shown in Fig. 11. In this case, linear velocity the ART algorithm which would take into account
decrease (with about the same stress acoustic con- the ray path bending.
stant) occurs up to the yield point. After the To date, we have not investigated the prob-
material begins to yield, the velocity decreases in lems caused by refraction because the velocity
a highly non-linear manner with the slope increas- changes which we are interested in are small and
ing precipitately. This, too, is expected from will cause only slight bending. However, if in
theory. the near future we apply this technique to examine

regions containing large velocity variations, we
CONCLUSION will have to modify our reconstruction method to

account for the refraction.
We have discussed an application of Computer- This research is sponsored by the Electric

Assisted Tomography (CAT) for locating and mapping Power Research Institute under Contract RP504-2.
regions of residual stress. The simulations and
experiments described have demonstrated that vel-
ocity anomalies of 2% can be quite easily resolved.
In work not reported here, we have also experiment-
ally mapped velocity anomalies as low as 0.2% and
feel that 0.05% is technically feasible. These
velocities translate to a sensitivity of 6895 kPa
in a 2.54 cm-thick region.

We feel that the reflected beam geometry rep-
resents an important advance in the development of
methods for inspecting structures which do not
physically lend themselves to either the parallel I
beam or the fan beam geometries. Thus, the re-
flected beam geometry could have important applica-
tions in the area of in-service inspection.
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Fig. 7. Reconstructions at (a) Level A, (b) Level B, and (c) Level C in
the aluminum block described in Fig. 5. The gray scale for all
three is normalized to Level A.

Fig. 8. Fig. 7 repeated with gray scale normalized to each individual scan.

Fig. 9. Reconstruction of Rubber Glove
Model Using Reflected Beam
Tomography.
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SUMMARY DISCUSSION
(B. Hildebrand)

Jeffrey Eberhard (General Electric): Can you tell me how accurately you measured the
time of flight and, secondly, what's that smallest size stress distribution you
can see?

B. Hilidebrand: We are using commercial time of flight, time interval counters, and
have been measuring time of flight to around .3 nanoseconds. This is using an
average of 100 measurements to 1000 measurements, a thousand pulses, for example.

Now, the minimum stress measurement, that's a very good question. We have esti-mated that we should be able to measure in the neighborhood of 5,000 psi in steel
over a one-inch length.

Don Thompson (Science Center): As background experience, we found when you load a
sar;,ple, that you can find contributions of velocity changes from dislocation
density changes that are as large or larger in some cases than the contributions
from third-order constants. Do you have any way to know whether the total change
in velocity is seen or is due to stresses, or is there a part due to changes in
dislocation constant due to the loading and the working of the material'

B. Hildebrand: We really have no way of determining that. We were simply measuring
velocity change and, unfortunately, velocity change can come about due to other
things besides stress.

Don Thompson: I don't know if the third-order constants are known independently
according to this material, but did you say plug those values in and calculate
what expected velocity changes you would get from simply the stress component?

B. Hildebrandt No, we haven't done that.

Richard King (Stanford University): In answer to the last question, what we do is a
uniaxial tension test, and you can calibrate the material because we know the
stress change, so we just do a curve. I think in the curve you showed a velocity
change. We do one of those by checking the relative velocity change in the last
region. We cannot get the third-order constant separately, but the full
expression in their combination adds up, so that's how you can determine that for
different material. And it varies quite widely. For different types of aluminum,
for instance, it can be as much as 30 percent change in the constant. The other
comment I wanted to point out: if all you're using is longitudinal waves, what
you're measuring is just the sum of the principal stresses, not really the sep-
arate stress components.

B. Hildebrandt That's right.

Richard Kins Have you made any attempt to separate them out?

B. Hildebrandt No we haven't. On the grounds that any information about stress
distribution will be useful. Currently, no knowledge of stress is nndestructively
obtainable, so if we can show them anything, it's great.

Unidentified Speakers It seems to me if you have a stress gradient in the material as
you do have when you punch it on the top, you should worry about the assumption
that you have straight-line motion just as you do if you have inclusions, but the
effect would show up differently. There would be an analogy to see the change
in position or the flattening, the distortion of the sun when it's setting or,
in the case of a hot day, seeing mirages and double images and that kind of thing.
Are you worried about these effects?

B. Hildebrand& We haven't worried about them. I have shoved those worries into the
background on the grounds that let's do one thing first.

Unidentified Speakers But if you have a transmitter and a receiver, you're going to
have to worry about the geodesic paths of sound.

(continued)
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B. Hildebrand (discussion continued)

B. Hildebrandi When you really get down to it, you're eventually going to have to dc'
something like that.

Gordon Kino (Stanford University): I think you have to remember these effects arc
very weak effects. All you can do to measure them is the transit time, and
you're only talking a half-percent.

Unidentified Speaker: It's much more than the change of the velocity of sound in the
atmosphere when you see two images, mirages, an image of the sun.

Gordon Kino: You're talking about thousands and thousands of wavelengths. Here you
are not. These are relatively short paths.
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APPLICATIONS OF TOMOGRAPHY TO THE NUCLEAR INDUSTRY

R. A. Morris, R. P. Kruger and G. W. Wecksung
Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

While tomographic methods of reconstructing thr'e-dimensional x-ray images are becoming more common
in the medical field, their application to industriai problems has only started. :ome of the features
that differentiate industrial tomography from medical tomography are

1) x-ray energies may vary from < 10 keV to > 22 MeV,

2) radiation dose to the object is not a constraint,

3) inspection times (within economic constraints) are not as important,

4) the anomalies to be detected offer sharp, high contrast boundaries to the inspection system,

5) high spatial resolution rather than high contrast sensitivity is the primary design goal, and

6) the number of views may be limited by other (mechanical) constraints.

This paper will describe the effort the Los Alamos Scientific Laboratory (LASL) is making to define
the design parameters that affect the constraints listed above. A tomographic test bed in which various
design features may be evaluated will be described. The computational facilities at LASL, which include
a versatile modeling code that can simulate tomographic systems with various types of radiation, geomet-
rics, and detector types, will also be discussed.

Finally some applications of tomography to the nuclear industry will be described. These range from
detection, identification, and quantitative mass estimates of fissile material within a container to the
detection and measurement of stress corrosion cracks in reactor cooling systems.

Tomographic techniques have recently captured medical tomography is trying to detect subtle

the public interest, particularly in the medical changes in object density or composition using a

field, although some of the early work was done in relatively narrow range of x-ray energies (50 kV to

desciplines far removed from medicine. 1, 2, 3 The 150 kV). Spatial resolution, while important, is

interest now seems to be shifting somewhat back to not the primary parameter of interest. In contrast,

nonmedical areas and in particular to industrial industrial tomography is interested in reconstruct-

applications. This paper will describe some of the ing a cross section from objects that range from a

work being done at the Los Alamos Scientific Labo- nuclear reactor core (to detect broken or ruptured

ratory (LASL) and some of our applications of tomo- fuel elements) to the microbeads used as targets in

graphy to the nuclear industry, laser fusion research (to measure wall thickness

The basic principles involved are illustrated and asyvimetries). With these examples of tomogra-

in Fig. 1. Details of the theory of tomographic phic applications, the x-ray energies needed to pen-

reconstruction will not be discussed as they are etrate the object will vary from 25 MeV to 5 keV.
4covered more than adequately in the literature.
4
. With this diversity of objects, the parameter of

First, the constraints imposed upon medical interest has changed from objvct density to spatial

and industrial tomography will be compared. resolution. Object density is still of interest,

Medical tomography is primarily interested in bnt typical features detected in a reconstruction

one subject, the human body. Granted, different will have air-to-metal interfaces and therefore

parts of the body are looked at, but compared to the should he easy to detect. However, the features

diverse objects inspected in industry, the medical that are desired to be detected can be small as a

problem is somewhat limited. Within the human body, crack less than 0.1 mm wide.
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hand as possible. he data acquisition and scanner

X-RAY SOURCE motion is controlled by a PDP-11/40 minicomputer.

While the PDP-11/40 can perfore the reconstruction.

it does not have a suitable display device for pre-

senting the results to the operator. For this (and

other) reasons, the projection data is stored on a

nine-track magnetic tape which is then transported

to a CDC-7600 computer for reconstruction and dis-
play.

Pe (I)P

PROFIE

RECONSTRUCTION ALGORITHM

Fig. 1. Typical Tomographic Configuration.

There are other, ore obvious differences bet-

ween medical and industrial tomography. The radia-

tion dose absorbed by the object is unimportant to

the industrial user. Time, except as an economic b
constraint, is relatively unimportant. In many

cases, the tomographic equipment may have to go to i. '. Ioroqraphi. Scanner.

the object instead of the other way around. And

finally, the projection data collected may be less

than optimum in terms of number of views, signal- ,

to-noise ratio and spatial resolution for a number FO "

of reasons unique to the object being inspected. 4 -
Because of these differences, medical tomographic D 1 CoRS

equipment and techniques cannot be adapted to in-

dustrial use except in a few special cases. L3{ EtFAc 4

At the Los Alamos Scientific Laboratory, we

are developing a modular tomographic system that

will enable us to explore the effect of changing

parameters (spatial resolution, number of views,

etc.) on image quality as well as demonstrate fea-

sibility of performing tomography on particular ob- Fiq. 3. Tomographic System Schematic

jects. Figure 2 illustrates the scanner that is

beinq used and Fig. 3, the schematic of the complete

system. It must be emphasized that this is a start-

er system utilizing as much equipment that is on



The first application of tomography conducted The significance of this simulation is that

by LASL was to detect and locate simulated air bub- conventional film techniques, tomographic algo-

bles in reactor cooling water piping. Figure 4 rithms, image enhancement algorithms, and line

llustrates one of the radiographs from which the granhic techniques can be combined to produce a

reconst'uction in Fig. 5 was made. In this partic- useful result.

ular case, the projection data was obtained by scan- The next application of tomographic techniques

ning 36 radiographs (one every 5 degrees) with a does not involve any data collection. It is a pure

0.8-mi aperature. The tube wall thickness in this simulation to demonstrate the feasibility of per-

case was 0.35 iam. forming multi-energy tomography to not only locate

objects but also to identify their elemental conipo-

nents. 6

The object being inspected is a steel can con-

taining pellets of fissile material (U233, U235,

PU238). The intent is to generate three tomographic

reconstructions of the object usinq a thermal neu-

tron beam with three fission chambers. One each of

the fission chambers would be made from each of the

fissile materials. The hope is that the response of

each detector will be sufficiently different from
the others that an unambiquious determination of

the Z number can be made. Figure 6 illustrates the

results and Table I tabulates the amplitudes of

each material as a function of detector type.

Fig. 4. Radiograph of Simulated Air Bubble

Fig. 6. Tomographic Reconstruction of Fissile
Materials.

Fig. 5. Line Graphic of 3-D Tomographic
Reconstruction
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TABLE I The detection of some of the stress corrosion

VARIOUS RESPONSE PEAKS cracks in the pipe is significant in itself but

much work remains to be done.

Detector Peak Response 1) Determine the lower limit of detectability.Type233 23U 29pu2) How well does the shape of the tomographic

233.312 .240 .193 indication reflect the actual shape?

3) Can we use larger pixel sizes (to increase
235U .264 .264 .201 the signal-to-noise ratio) but overlap the

pixels and deconvolute to get back the
spatial resolution?

The simulated results show that the responses The examples described in this paper just

are independent and in principle are sufficiently scratch the surface of the work that remains to be

different to resolve the different materials, done in industrial tomography. For instance the

The last application of tomography to be dis- field of tomographic simulation needs a good radia-

cussed is the detection of small stress corrosion tion transport code (Monte Carlo?) that can be

cracks in reactor cooling pipe.7 The intent is to adapted to calculate the projection data. With

develop a technique to detect and measure cracks such a simulation package, the feasibility of per-

originating on the outside of 22-mm diam, 1.2-mm forming a tomographic reconstruction on a unique ob-

wall pipe. The results would be used to calibrate ject can be determined at a fraction of the cost of

the eddy current equipment used in the actual in- actually building the equipment. Experimentally,

spection of the pipe. the trade offs between results and experimental con-

Again radiographic film was used as the detec- straints must be measured and parameterized.

tor. Radiograph.; were taken every degree for 200 REFERENCES

degrees and the projections digitized with an aper-

ture size of 0.1 mm. Figure 7 illustrates the re- 1. D. E. Kuhl and R. Q. Edwards, Reorganizing
Data from Transverse Section Scans of the Brain

silts with some of the obvious tomographic indica- Using Digital Processing," Radiology 91 (l96 )

tions correlated with the visual surface indications. 975-983.

2. R. N. Bracewell and A. C. Riddle, "Inversion of
Fan Beams in Radio Astronomy," The Astrophys.
J. 15 (1967) 427-438.

3. R. A. Crowther, D. D. DeRosier, and A. Klg,
"The Reconstruction of a Three-Dimensional Struc-
ture from Projections and Its Application to
Electron Microscopy," Proc. Roy. Soc. London
A317 (1970) 319-340.

4. R. A. Brooks and G. deChiro. "Principles of Com-
puter Assisted Tomography (CAT) in Radiographic
and Radioisotopic Imaging," Phys. Med. Biol.
Vol. 211 No. 5 (1976) 689-732.

5. R. P. Kruger and J. M. Cannon, "The Application
of Computed Tomography, Boundary Detection, and
Shaded Graphics Reconstruction to Industrial
Inspection," Mat. Eval. Vol. 36, No. 5 (1978)

6. R. P. Kruger and R. A. Morris, "Simulated Neu-
tron Tomography for Nondestructive Array,"

Proceedings of the SPIE, Technical Symposium
East and Instrument Display, April 1979,
Washington, DC.

7. R. A. Morris, R. P. Kruger, and G. W. Wecksung,
"Tomographic Visualization of Stress Corrosion

a Cracks in Tubing." Los Alamos Scientific Labo-
ratory Report LA-7891MS (June 1979).

Fiq. 7. Tomographic Reconstruction ot Cracked
Cooling Pipe.

2qR



SUMMARY DISCUSSICN
(H. A. Morris)

Jerry losakony (Session Chairman--Battelle Northwest): I might say th ast rogna.
that Dr. Morris was talking about was part of our eddy current program to try
to characterize flaws in nuclear reactor steam generator tubing which is about
three quarters of an inch in diameter, and it is the only way that we have
been able to define the nature of the crack and then try to correlatt the (.ddy
current signals with that and come up with some sort of response of what the
eddy current signals look like for true intragranula: stress curves and pattern .
All the rest of the work we have done in machine notches and things cf that kind.
This is the first time we have been able to nondestructively characterize real
flaws. It's very, very encouraging kind of w(rk.

Dr. Bush (Battelle Northwest): Can you angle your beam on a case such as the last
one so that you can Sec if you go through an intensity maximum it will then
establish the angle of crack with respect to the surface.'

h. Morris: The geometry we are using here is a fan-beam geometry, so it's already
angled, so to speak. I really den't know if I undetenstand ye ar cuesti i.

Dr. Rus! If you section a tube, if you have a crack that is essentially alo ne t.
radius, then as you pass through you wo:a/d ex;oct a maximum intunsity. 1' -
tuately, stress corrosion cracks don't obey thos, laws. They ro at an angl,.
They mirht t at 3C dc ree or -C der ., away from th radius. And to see
what the awl, is, I you turn and :nln the team and - throuch i. inltnct,"
mainx m uir--

R. Morriss IN rioil I, , the alrcnithm dsh't 'a, wIa.t angle or what critlaticn
the dcl ct or f,atur, that is rec ttruc A is at. In 1'acticv, of cu'i t,
there ar, o:,. tivity ;rul lm. :! tbis, ti ' i a- 'h an an le where you hav
to go th. thickr ,1at, rial, . ,. o Q an,',r would t,' we can detec, --
we .r, not 1, radial crt Rks. V -an d. tct cracks that co off at a.,,"
angle, it .i i ill,-. in practlic, th, {, ni ,i 1, a sensitivity limit leyorI d which
we can't ., t., it it's too lan'e n a- t, 1

Dov Hos nf',ld s:. !. : ]. : It's a ccmen-t. That is, it's my feling that I .
greatest ua;;lrcatllo c computer tomogrlp'hy it nonmedical is not coin to K
taking the mdical ,rnd apylyin' it, but there are big differuences in the eu'-
medical. Fe r xamlc, ii; most of the wor k yo were showin' hare you really
have a :ary 'n- po lem. it's off-en; crack-no crack.

h. Morriss 1 thi'nk that's characteristic of a lot of industrial problems.

Ov Hosefeld: Ycu also have a rongeometry. For example, you're talking about
pipes. It's cnc,ivalle to me that one could look for hairline cracks by
scanring every two millimeters of a pipe in all orientations, but then tach
pipe would then take five weeks. lipps are circular and if you can dot,,cl I
crack visualny after ebtainiig a tomograph, you can detect a crack in th, ri-
jpctions the nis v, s . That is, steveral people have shown thal result. Mat ,-
matically, you must have deletability projections before you can have dot cl-
ability in your final, so two projections, for example, for a circular lj cot
will do it all for you, including locating where it is.

R. Morris: That's right. If you can i nveke symmetry or any a priori knrowl dge.

Dov Rosenfeldt That's what 1 think the future will ro for inspection.

H. Morris: That's correct. We feel that in contrast to the medical field,
industrial tomography, like yeu say, is binary. You're normally not ;oki ,c
for subtle density changes, although there are cxceptions. 1 thitar the Iri ,ry
requirement or constraint is that there is a requirement on industrial lomr-
graphy in resolution. And that's another reasor. Not only the fact Ihat cur
scanner wasn't working, but that's another reason we went to X-radi,r; hic HII.
as a detector. We felt in the case of the 1attelle pipe w, Needed h,,
resolution. And film has very, very good spatial r-solution e(m ar.,d to a
collimated detector. It would be very, very difficult to rct th kitnd f
resolution we got.

tOti Ii rorod 1
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R. A. Morris (discussion continued)

Dov Rosenfeld: You can have resolution as glood as you want. It just makes a smaller
hole.

R. Morris: As a practical problem, in film you have the resolution directly on the
film. Incidentally, the aperture size on scanning the pipe was 100 microns al:.;
in the direction of the scan
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OVERVIEW OF ULTRASONIC DEVELOPMENTS

R. B. Thompson
Rockwell International Science Center

Thousand Oaks. CA 91360

ABSTRACT

An overview of the ultrasonic developments which have occurred in the DARPA/AFML Interdisciplinary
Program for Quantitative NDE is presented. The paper is introduced by a discussion of the philosophy of
the program and a review of the progress made during the last five years towards the development of
quantitative techniques and criteria for accepting or rejecting parts. This is followed by a summary of
the relevant papers presented at this meeting and of the role which they play in the evolution of this
new technology. The paper concludes with a discussion of the use of these technical building blocks in
establishing on-line systems and stand alone spin-offs for DoD application.

This paper will present a slightly broader of quantitative NOE techniques. The left hand
perspective than an overview of the papers in this part of the figure uses the example of turbine
session. It will cover those papers, but it will disks to illustrate the wastes that occur when
also delineate the relationship between them and a part service lives are based on average fatigue
number of papers presented in other sessions. In behavior rather than the condition of individual
this way, a picture of the thrust and philosophy parts. Since the distribution of failure times is
of the DARPA/AFML Interdisciplinary Program for broad, one must select a design life that is quite
Quantitative Flaw Definition can be presented, conservative for most parts in order to avoid the

premature failure of more than a few. As shown
The first figure is a summary of results for this example, if one requires that only one

obtained by Rau.? It provides us with a very good part in a thousand will fail during the design
description of the motivation for the development life, one finds that 50 percent of the parts would

PROBLEM STRATEGY CRITICAL ELEMENTS

STATISTICAL NATURE OF FAILURE NONDESTRUCTIVE EVALUATION TO 0 NONDESTRUCTIVE METHOD OF
CAUSES MUCH WASTAGE FOR A ALLOW LIFE EXTENSION OF INDIVIDUAL MEASURING FLAW SIZE

SPECIFIED RELIABILITY. COMPONENTS UNTIL DAMAGE DEVELOPS. 9 QUANTITATIVE
INSTRUMENT ADJUSTED TO MINIMIZE e RELIABLE

COSTS. * QUANTITATIVE METHOD TO SELECT
1, ACCEPT/REJECT CONDITION

* FAILURE MODELS
* ECONOMIC ANALYSIS

.... >AL

Fig. I Economic benefits of quantitative NDE.
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have lasted more than four times the design life. capability. In order to predict a part lifetime.
This excess life is wasted. To overcome this three types of information must be combined: a
problem, one must, in some way assess the condi- failure model, measurement results which have been
tion of individual parts by the use of NDE tech- processed by an inversion technique to give esti-
niques or other approaches. One is then no longer mates of flaw parameters, and if possible.
governed by the statistical distribution, but can independent information, or a priori information
retire specific parts as needed: Retirement-for- about what types of flaws might be expected in the
Cause. part under study.

The center of the figure presents economic The a priori information is needed since,
data illustrating how, when using NOE, the system under many conditions found in practice, it is not
costs can be minimized by the proper selection of possible to experimentally make enough neasure-
the accept-reject criteria. Improving the ability ments to uniquely determine the state of the flaw.
of the NDE technique to quantitatively separate Examples of these conditions include high ultra-
good and bad parts increases the depth of the cost sonic attenuation, which limits the use of high
minima and further reduces costs. The objective frequencies, or complex geometries, which restrict
of the papers that you will hear today, and in the range of angles that can be used in a measure-
several other sessions, is to ultimately make such inent. Under such conditions, the measurements can
savings possible. rule out many possible flaw types, but they can

not uniquely define the flaw. Independent infor-
Figure 2 presents some further background on mation about the flaws likely to be present for

the role of NOE in lifetime prediction, as also the particular processing and service history of
noted by Thomson

2 
and Marcus.

3  
One of the models the part may eliminate other possibilities and

commonly used to predict part lifetimes or failure improve the flaw estimate.
is fracture mechanics, coupled with crack growth
rate models. To use these models, one needs three Once a ifetime prediction has been made bas-d
inputs. One needs environmental inputs, including on these inputs, an accept-reject criteria must 'e
both loading and any gaseous or aqueous environ- applied to determine whether or not the part
mental conditions that might influence crack should be removed from service. This criteria
growth rates. These inputs can be determined dur- must be based on a risk-benefit analysis for the
ing design or by monitoring of the part during its part in question.
service. The second inputs one needs are material
properties, such as resistance to crack growth. Before proceeding with this overview, it
Thirdly, one needs to know flaw sizes and orienta- should be emphasized that only work performed as a
tions. Material properties have been studied part of the OARPA/AFML Interdisciplinary Program
extensively and can be found in handbooks and for Quantitative NOE will he addressed. Many
other sources. However, no satisfactory techni- other papers are included in this fneeting which
ques are available on line for determining flaw were supported by other agencies. They also form
size and orientations. The present program is important parts of the same technology but will
addressing this deficiency. not be explicitly discussed.

Figure 3 indicates the philosophy that has Referring again to Fig. 3. it should be noted
been utilized in developing a quantitative NOE that a major emphasis of the DARPA/AFML PTogran

/ ECATVTIOPOCNFELNR

"I !K
DFS,,,, I RACURE 

STRE4SS INT NSITY I

MAERA PROERIE RI 1(1141 ANG
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CA AD.. 
ATRAI>,\IV

F~ t Al S11111P

Fig. 2 Lifetime prediction showing role on NDF inputs.
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theoretical solutions and then used to predict
flaw parameters from experimental data. In
addition, work was initiated on the problem of
characterizing surface cracks.

Mk ASUREMPANTr

SCIENCE By 1978, last year. a family of inversion
INVERSION algorithms had been developed. Techniques for

TECHNGUES)shape reconstruction, adaptive learning, and long
wavelength techniques for parameter estimation
were included. There was further extensions for
the case of surface cracks. In ceramics, a frame-

FIUEA PRIORI work for life prediction was developed, and strat-
MPCDELING P I INFORMAT ON egies were defined for incorporating failure

modeling and risk analyses to quantify the deter-
mination of the accept/reject criteria.

JRACCEPT FIE1ECTI In this meeting, the work to be presented will
ISBEE .SACCEPT REJECT include refinement of inversion techniques. exten-

ANALYSIS CRITERIA sion of the scattering models to the case of

irregular flaw shapes and multiple flaws, a more
detailed demonstration of the life prediction

strategy for ceramics, and an initial demonstra-
Fig. 3 Elements of development of quantitative tion of the life prediction strategies for the

accept/reject criteria, case of metal fatigue. Also included will be a
discussion of an ultrasonic test bed which will

has been the improvement of measurement sciences play a key role in reducing some of these techni-
(including inversion techniques). This has been ques to practice.
treated generically, with the objective of
developing basic techniques which could be applied
to many different material systems. Additional
efforts have been directed towards applying these
techniques to specific material systems, ceramics FORWARD INVERSE

and metals.
THEORY KENL INVERSION

In order to discuss the technique development,
it is useful to review briefly what has been done
during the previous years of this program and what
appears to lie on the horizon. Figure 4EXPRIMENT PREDICTOR REDLIFE
rates just a few of the highlights of the pastPREDiCTION

years. Also included is a schematic flow diagram

that presents the steps needed to develop inver-sion techniques. One must first solve the forward 1975. ESTABLISH INTERDISCIPLINARY TEAM AND BASIC ELEMENTS

problem of the interaction of energy with a known OF SCATTERING THEORY AND EXPERIMENT

flaw. In this session, ultrasonic energy is being
considered but the same concepts apply to the 1976 DEVELOPSETOF EXPERIMENTALLY VERIFIED SCATTERING

electromagnetic techniques that were discussed in MODELS FOR BULK INCLUSIONS

a previous session. Solution of the forward
problem involves an interaction between theory and 197DEMONSTRATE FIRST OUANTITATIVE INVERSION

experiment. Once that is in hand, one must con- 9 ADAPTIVE LEARNING TECHNIOUE)
centrate on the inverse problem, which ultimately BEGIN DEVELOPMENT OF MOOELSFORBULK CRACKS

will lead to a predictor that can be used in life
prediction. Of course, at the same time. one must 1978 DEMONSTRATE FAMILY 0; INVERSION ALGORITHMS

continue to study the forward problem because (RECONSTRUCTION. ALN. LONGWAVELFNGTHI

extensions to more difficult situations are needed BEGINDEVELOPMENTOFMODELSFORSURFACECRACKS

to enable these inverse techniques to become more DEVELOPMENT OF FRAMEWORK FOR LIFE PREDICTION
widely applicable. STRATEGY FOR CERAMICS

In 1975, the DARPA/AFML Interdisciplinary 1979 REFINEMENTOT INVERSIONTECHNIOUES

Program for Quantitative NDE was initiated, and an BEGINEXTENSIONOfSCATTERINGMODELSTOCASESOfIRREGULAR FLAWS. MULTIPLE FLAWS, ROUGH FLAWS

interdisciplinary team was gathered which esta- DEMONSTRATION OF LIFE PREDICTION STRATEGY FOR

blished active communications between a group of CERAMICS

scientists and set the stage for major contrlbu- DEMONSTRATIONOF IIFE PREDICTION STRATEGY FORME[TAL FATIGUE

tions from the different disciplines. Also during ASSEMBLYOFULTRASONICTESTBD

the year, some basic elements of scattering theory
and experiment were developed. The next year a
set of several different experimentally verified Fig. 4 Progress in quantitative ultrzsonics.
scattering models were completed. partic-ularly for
the case of bulk inclusions.

Figure 5 illustrates one of the future direc-
In 1977, the annual conference was held at tions of the program. One question that must be

Cornell. One of the high points of that meeting addressed is, "How good are the models that have
was the first demonstration of quaititative Inver- been developed for inversion of data from ellip-
sion of experimental data. In that case, the soidal flaws when the models are applied to more
adaptive learning technique had been trained on realistic shapes such as irregular or multiple
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XP-ME 1tNALI

COMPLEX. ROUGH. AND MULTIPLE FLAWS

DISTORTED WAVE BORN APPROXIMATION DOMANY

(VIEW GENERAL SHAPE AS PERTURBATION OF SPHERE

PADE APPROXIMANTS GUBERNATIS

(EXTRAPOLATION OF TRUNCATED SERIES TO
CONVERGENT RESULTS

T MATRIX APPROACH VARADAN

TtR5 (EXTENDED BOUNDARY CONDITION)

EXPERIMENTAL RESULTS - TITTMANN

(NEW DIFFUSION BONDED SAMPLES)

CRACKS

CRACK OPENING DISPLACEMENT - REPRESENTATION

THEOREM - ACHENBACH
, O(REFORMULATION OF ELASTODYNAMIC RAY

THEORY TO AVOID DIFFICULTIES AT SHADOW
BOUNDARIES AND CAUSTIC SURFACES)

Fig. 5 Proposed test of robustness of inversion EXPERIMENTALRESULTS-ADLER

algorithms. (MEASUREMENTS THROUGH WATER - SOLID

INTERFACE)

flaws?" A program that will answer this is
schematically indicated. Measurements, or theore-
tical predictions, of scattering from irregular Fig. 6 Summary of ultrasonic fundamentals
and multiple flaws will be obtained and used as session.
inputs to the existing inversion algorithms (which
were optimized for ellipsoidal shapes). The
algorithms will then give, as outputs, a set of convergent properties and therefore a finite
equivalent flaw parameters. These flaw parameter- number of terms give useful results at higher Ka
will then be used to make a prediction of the values. The T-matrix approach will be treated by
lifetime of that equivalent flaw. Finally, this the Varadans. Through the use of a technique
lifetime will be compared with the actual life of known as the extended boundary condition, with
the flaw. The degree of agreement is actually the somewhat gqeater computational effort than is
bottom line in evaluating the performance of any needed in the other techniques presented, they are
inversion technique. It's not really important able to obtain very precise scattering predic-
whether the technique tells exactly what the flaw tions. Again, the results are useful for rough
shape is. It is important whether it predicts the and miultiple flaws. TitbTann will discuss experi-
lifetime of that flaw with sufficient accuracy. mental investigations of the predictions of tiS

theories. The ,measureients were lade on a n-w set
In order to perform this test, it is neces,;dry of diffusion bonded saiples containing ir-egula;

to have a theoretical and experimental understand and multiple flaws.
ing of the behavior of flaws that do not have
simple geometries. A number of the papers that Papers will be be presented (0 toe scattering
are presented in this session provide the founda- froi, cracks as well as volumetric flaws. Thc
tion for this understanding. (,rack-Opening Displ acement ;lepresentation Tneu."

approach, which is a reformulation of elasto-
Figure 6 summarizes the papers to be presented dynamic theory to avoid some of toe difficulties

in this session. The Distorted 'Aavc Born Approxi- that occur at caustic poirts and shadow bounda-
(nation will be presented by Domany. In this ries, will be discussed by rcllent)ach. Adler will
integral equation approach to ultrasonic scatter- present experimental tests of this theory.
ing, a general flaw shape i, viewed as a perturba-
tion of a spherical shape. For flaws with irre- Figure 7 illustrates some of the fundamental
gular surfaces, but generally spherical shapes, information that will he included in these talks.
this can be expected to give quite accurate This is a result obtained by the Varadans in the
results. Gubernatis will then discuss the use of study of the effects of surface roughness on
PADE Approximates to improve the accuracy of scattering. The dependence of the scattering at
scattering calculations at higher frequencies. 45 degrees is shown, as a function of Ka, for
The PADE Approximates are functions in a series three flaws. These are characterized by a para-
expansion of the utrasonic scattering. They can meter n, which is a ratio of roughnpss to size,
be derived from various classical expansions of and N, which gives number of roughness periods
the scattered fields, but often have much better around the circumference. The solid line shows
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Fig. 7 Effect of roughness on scattering.

the results for a smooth flaw, o 0 0. The dashed Each of these reconstruction techniques has
line gives the results for a roughness of 0.05 for been optimized on the basis of slightly different
the case of 16 periods arounds the periphery. The physical assumptions about the flaw. as is indi-
dash-dotted curve presents the results for the cated by the table in the figure. For example, in
same roughness parameter but with 64 roughness the classical imaging approaches of Kino and
periods, i.e. a finer scale roughness. It can be Lakin. the basic processing algorithm is optimal
concluded from results such as these that the flaw when the flaw itself has diffusely reflecting
characterization techniques based on ideal . surfaces. On the other hand, the POFFIS algorithm
ellipsoidal shapes should still work fairly well is probably optimal when the surfaces are SInoot.
when surface roughness is present, as long as that and specular. Tnat is, there is not an intrinsic
roughness is fine with respect to the ultrasonic roughness built into that algorithm. The Inverse
wvelength. Born Approximation is based intrinsically on an

elastic wave model. Approaches of that type pro-
fnce the forward scattering problem has been nise to be able to treat som of the more complex

solved, attention ,lust focus on the inversion phenomenon associated with elastic wave propa-
problem. Figure 1 summarizes some of the appro- gation, intenal reverberations, and mode conver-
achs presented in this area. The inversion tech- sion. This is shown as a broken check in the
niques are classified into two categories. Recon- table of Fig. 8 because the simplicity of the Born
struction techniques can be used when Ka is Approximation precludes all of those effects from
qreater tha. two or three. Then there is enough being included in detail. Nevertheless, they are
information to draw a picture of the flaw. The implicitly included.
papers presented in the imaging session fall in
this category. In particular. Kino's work on On the other hand, if sufficiently high fre-
electronically focused and scanned imaging quency information is not available to reconstruct
systems, and Lakin's work on wave front recon- flaw shapes, another family of techniques are

struction imaging were a part of the DARPA/AFML available. These are techniques which require
program. Two other techniques, which can he some independent information or assumptions about
categorized as reconstruction techniques, will be the flaw state. For example. if one knows that
presented today. The work of Bleistein and Cohen the flaw is an elliptical crack, then its axes and
on Physical Optics Farfield Inverse Scattering orientation can be determined. Examples of this
(POFFIS) and the work of Rose on the Inverse Born are the adaptive learning technique of Mucciirdi,
Procedure. the long wavelength technique that will be dis-
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cussed by Richardson. and also some unified algo-
rithms which contain elements of several tech-
niques which will be discussed by Fertig.
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WOUALL y FOCIALOA ELECTROAE y Aj d

WAl iIO AM SYSTIU KIND
ArVILF"Ot AEV VIOFI MACUSC I*A5,

RYEFC%- 0FTCI-R FIELD ISNE IION 5115IFSTI FRONT SURFACE TO

INVER" ORM [OUEO S 5111 FLAIN CENTER TIME

IESECIFIC PO IL E
REGIMEO -TI $ z INCLUSIONSI F USE SI tC 141 C - 1 S--R U N IF IED

UFT#7 _f1 5 NIERFACtS REVIFERE CO$VERSION RAYS 0 R ALORIT
T15S WFIERO(O

CLASCAL IMAGING 4INCLUSION PARAMETER
MATERIAL VALUES

5051,5 _FORN iiFig. 10 Unified inversion algorithm.

which provides a measure of the distance from the
front surface of the flaw to the center of the

ANSOIESMROUAI ,IC FLAWNIOOAS,.. ,, flaw. These two pieces of information are

.. 11- .1 WO- - ,..., combined in an algorithm which incorporates the a
LOWAVELNGTHS RICHARoO priori assumption that only inclusions of a few
UNIFIED LO.,R,...S '(11-, specific materials can be expected. For ceramics.

this assumption is based on known processing
conditions. In addtion, the flaw can be assumed

Fig. 8 Summary of ultrasonic inversion session, to have either a spherical, or spheroidal shape.
The output of the algorithm is the material of the
inclusion and its dimensions. This, then, is an

Figure 9 presents an example of a reconstruc- example of the application of the technique where
tion result. Here the POFFIS algorithm has been a priori information is explicitly used to allow
used to rstconstruct a picture of the shape of an us to determine key flaw parameters.
elliptical flaw.

Thus far. the measurement science part of the
DARPA/AFML Program has been discussed. These

r1uvtNcy • P MWZ TO general results have been applied to two distinct
M UE1CY IN 4R0 1 , - UPI material systems: metals failing under fatigue

LR LIt TIMT *

.- 110h: and ceramics failing under brittle fracture.
MAX SII4f.. I

4N As shown in Fig. 11. three papers will be
presented on the fatigue problem: one on fatigue
life prediction in the microcrack regime by Buck.

6 one on fatigue life prediction in the macrocrack
regime by Tittmann. and one on the theory of the
surface wave scattering from macrocracks by Auld.

-. 00 -.0 0 in e

Fig. 9 Reconstruction of oblate spheroid using FATIGUE LIFE PREDICTION

POFFIS algorithm. IN MICROCRACK REGIME BUCK

FATIGUE LIFE PREDICTION
IN MACROCRACK REGIME TITIMAN

Figure 10 presents a flow diagram of a tech- THEORY OF SURFACE WAVE

nique applicable at lower frequencies. Here, SCATTERING AUtO

Fertig has integrated two independent flaw charac-
terization techniques, and some a priori infor-
mation, to develop a unified prediction. In the
left hand sketch is shown the case of a long wave-
length scattering measurement. From the initial
curvature of the scattered amplitude versus fre-
quency plot. one derives a parameter known as A2.
This is combined with a second piece of infor- Fig. 11 Summary of ultrasonic surface wave
mation. illustrated in the right hand sketch, session.
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The relationship between these three talks is
illustrated in FAg. 12. As dlscssed in previous
papers by Marcus and by Morris, metal fatigue
can be broken down into two regimes. The fatigue
starts with an initiation process. in which micro-
cracks are nucleated at a material discontinuity. ACCEPTREJECTSTRATEGY

for example, Intrametallic particles. These DECISIONS BASED ON ULTRASONIC MEASUREMENTS - EVANS

microcracks gradually grow and coalesce to the
point of the formation of a inacrocrack. which MEASUREMENT TECHNIQUES

ultimately then grows to failure in accordance HIGH FREQUENCY BULK WAVES CHOU

with the rules of fracture mechanics. SURFACE WAVES KHURIVYAKUB
LONG WAVELENGTH BULK WAVES GRAHAM

ACOUSTIC MICROSCOPY KESSLER

DECISION THEORY

CONDITIONAL PROBABILITY OF FAILURE - RICHARDSON
AND ACCEPTIREJECT CRITERIA

0 W0 90 TO

ptE1CINIA(t OfI lit
IIIACTIUTI M| CTIANICS

MICROCRACK ANALYSIS AND GROTH L AWS

STA.IS MICRO MACROLIT NT7 A CO C AC FAILUR E Fig. 13 Summary of ceramics session.
FAIL. INTAO CRA ALESCENCI Rml

NON RMAINING REMAINING To put all these in context. Fig. 14 illus-
OESTRICTIVEF HAILYNLS L LIII MACN
L.E GINE .I IN AIOTI, trates the thrust of the ceramics program. One
'FR11CTO AN I N INT IATN PAI I SAO starts with a sample, on which ultrasonic measure-

flents are made. The resultant data is utilized as
inputs to the unified inversion algorithm. illus-

IMANN.trated in Fi.10. The etmesof this algo-
rithm will be combined with failure modeling to
yield life predictions, which will be checked
against destructive tests.

Fig. 12 Strategy for nondestructive prediction
of metal fatigue life.

The relationship of the experimental results ULTRASONiC

is as follows. In the incrocrack regime. Buck has MEASUREMENT SAMPLI

studied the use of ultrasonic harmonic generation
to predict a remaining fatigue life in initia-
tion. From that remaining life in initiation,
combined with the crack size at the end of initia- UNIF IED

tion, one can use the results of the fracture ALGORITHM

nechanics and growth laws to predict remaining
life in propagation. The total remaining life is
the sum of the two. FLI DESIRUCTiVE

MODELING PREDICTION FS

If one of these -nicrocracks has already become
a macrocrack, one can directly measure its depth
by surface acoustic wave NDE. as will be discussed

by Tittmann. based on some of Auld's models. Here
one can predict a remaining life in the propaga-
tion regime, now equal to the total life. The
three papers comprise an integrated approach to Fig. 14 Flow diagram of ceramics program.
the detection of metal fatigue. This is a very
limited demonstration because the work is just
beginning. However it provides an example of i Figure 15 illustrates the final element of the
methodology which has the potential of finding program. the ultrasonic test bed program to be
widespread application in fatigue life detection, discussed by Addison. The objective of this pro-

gram is to develop a hardware system which incor-
Figure 13 summarizes the application of the porates the many newly developed quantitative NDE

general measurement techniques to the prediction techniques and enable them to be evaluated on
of ceramic strength. An overview of the strategy realistic parts. This is an important step in
will he presented by Evans. Experimental results transferring the technology from a set of research
obtained using a number of specific ultrasonic reports into working hardware that can be used on
measurement techniques will then be presented: the production or maintenance lines. The system
high-frequency bulk wave scattering by Chou. consists of a water bath. mechanical manipulators
surface wave scattering by Khuri-Yakub. long with six degrees of freedom that are controlled by
wavelength bulk wave scattering by Graham and a microcomnputer system, a dedicated mini-computer
Allberg. and acoustic microscopy by Kessler and for the signal processing and general control of
Yuhas. Finally. the decision theory which is the system, and a color graphics display for use
necessary to derive conditional probabilities of in presenting the information. This Is a very
failure and to optimize accept/reject criteria important step in transferring the research
from these inputs will be discussed by Richardson. results discussed in this meeting into the field
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applications which is. of course. the ultimate
objective of DARPA/AFML NOE effort.

is C-

rw-

Fig. 16 Evolution of quantitative ultrasonics
capability.

51 msystems and test beds. Also in this category are
EMAT transducers, which were part of earlier
DARPA/AFML engineering developments and which are
now finding a number of applications.

The final use of all of this technology is in
on Tfne systems for the DoD mission agencies.

Fig. 15 Photograph of ultrasonic testbed.
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SESS10N Vii £'IlClLLANL(hC 1 .si:

Gierald Fosakorry (Session Chairman).: We have a few mutsbt f'Cy.- 'adJ 11 1i17 lit. ;r
there any other questions?

Mark Weinberg (RADCOM): I have a question for Dr. lakiri. I t' i, yiu Wr N- 1
64 by 64 eight-element unit, isn' t that essential1ly -- czi wi< dlrew zi II-
between that and a radar antenna? If you're harrdliir, the data !imern i
ferently in that you're scanning across there arid reed structit, it.

Ken Lakin (Univ. of Southern Calif.): I think not. I' anot that 1 'milialwti1
radar, but I suspect the pulse-echo systems are more an-lotrj us' 1, 2 i Il

example, I don't think in radar they bother to try tc focic. T'Ih, :it .I
far away.

Mark Weinberg: One can scan it, of course, by control of pha'-riiirr oi thr- ri I

Ken Lakin: That sort of thing is really more analogous tc pu ice-vcho r
where you program a time delay, whereas they prof ram a phalse -hliflH
and you send a pulse through the system. In their cz'uu, the, 1pci~t ir
not by design but by physical constraints, it mighJt be moe ccii a I( th,
synthetic aperture where they take data for lu,. loir&i, an-icr i I It r fi, Ii

correlate it. In that case it would be a huge augurt cLi ihr' la!,~.

Paul Gammell (Jet Propulsion Lab): 1 would like asu to ask Dr. lakir.
It looks like the basic principles are very similar to, Di . dJrrhi' d. t!'!n.
where the only difference is that yours uses the came: trc risducer . .3' it lcoksi
like a true synthetic aperture they're moving alorqg at cc c

Ken Lakin: I'm talking about the USC system, synthc 1rrr st.i ,rvr. e

Paul Gammel 1: The main question I have is: you have one coustait tanr
up here; is that correct? How does the mathrril.t icc ccm~l:arc when vr is e.-

and receive?

Ken Lakin: You don't get the double phase shi ft as you would ou othti ic. -o I or I

change in phase from the object, from the object te the rece] veiririt YC.
have a constant transducer and the transducer to the scatter.

Unidentified Speaker: Does it make your reconstruction easier or nlorc di ffi suit,

Ken Lakint It pkails it.
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FINITE DIFFERENCE METHODS APPLIED TO ULTRASONIC NON-DESTRUCTIVE TESTING PROBLEMS

L. J. Bond
Department of Physics
The City University

London ECIV OHB
England.

ABSTRACT

The scattering and reflection of ultrasonic pulses is the basis for ultrasonic non-destructive test-
ing techniques. However problcrms are encountered in the interpretation of experimental results in many
systems especially those which have target dimensions of the order of a wavelength, where there are no
analytical solutions. It is shown that the lack of an adequate analytical theory can be overcome by the
use of numerical models based on finite difference approximations of the basic elastic equations of
motion. Finite difference methods, which have previously had a successful history in seismology, are
introduced to study non-destructive testing problems and provide a complete description of the interac-
tions of elastic waves, including mode-conversion as an intrinsic part of the formulations. A review is
given of the types of problem, that are of interest to non-destructive testers and which finite difference
methods are best suited to solve. Specific examples of the technique are shown applied to pulsed
Rayleigh, compressional and shear wave scattering by such features as open slots. The descriptions given
by the numerical models are confirmed by laboratory experiments on both aluminium and steel blocks. The
prediction of a new family of mode-conversion techniques for crack detection and sizing, suggested by the
numerical models, is confirmed by experimental results.

INTRODUCTION

Ultrasonic methods of non-destructive testing tion required for broad-band and spectroscopic
have been developed considerably in recent years, studies, together with a transducer development
both in terms of the range of systems that are programme which includes using visualisation
examined and the importance placed on the results techniques. Thirdly, there 4re the studies of wave
that are obtained. The importance of pre-service propagation and scattering using numerical models
and in-service inspection is going to increase in supported by experimental measurements.
the future as the consequences of the failure of a
system, such as a nuclear plant or an aircraft, This paper is based on the work in the third
increase in magnitude. However although consider- area of study and considers finite difference
able progress has been made in improving ultrasonic methods and the application of such techniques to
testing techniques, many problems remain, especi- problems which form the basis for ultrasonic non-
ally in the interpretation of experimental results. destructive testing.
These problems are in part due to the lack of
adequate theories for the elastic wave propagation
and scattering processes involved.

If ultrasonic non-destructive testing methods LASIC EQUATIONS AND BOUNDARY CONDITIONS
are to become increasingly reliable and quantita-
tive it is necessary to develop a well-founded The basic elastic equations for wave propaga-
theory for such problems as the interaction of tion and scattering have been presented by many
pulsed waves with small targets, particularly those authors, including Graff 13), so only a brief
with dimensions of the order of a wavelength.I11 summary is included in this paper.
The lack of adequate analytical theories for such
problems has caused the attention of some workers For a general heterogeneous, linear, isotropic,
to turn to consider numerical methods. It is perfectly elastic medium, an elastic wave can be
found that numerical methods, which give full-wave described by the equation[ 4
descriptions of the interaction of elastic waves
with structures that are of relevance to engineers,
can be found in the seismological literature. (21 )4 u . 2u=- ( (, + , (v'G - + , ;' + ',I .U)

t - (I)
The activities within the research group at + (v . u) + 2(,,;..,,)u

The City University fall into three related areas.
Firstly there is the develonment of practical where u is the displacement,
ultrasonic non-destructive testing techniques, in is the density,
particular usinn short pulses and spectroscopy. t is the time and
Secondly, there is the development of instrumenta- and , are the Lam6 parameters of the medium.
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With a restriction to two spatial dimensions FINITE DIFFERENCE METHODS
and homogeneity, the basic equations which de-
scribe the displacements in the system are Finite difference methods replace the basic

elastic equations which describe the system under
study with an incremental approximation. Although
the detailed difference forms used can vary, they

I _2+ a V2 2 V2u) 2 give both the time development of the system and

;t2 v +xZ vs3X2 C v ax ax the full wave solution, in the spatial dimensions
1 3 1 3 considered, as intrinsic parts of the formulation.

They allow free surface and interface boundary
(2) conditions to be handled. They can also handle

a2u a2u 32u a2u transients and pulses and from the view of a poten-
2 v2--2 + v21- + (V2 - V2  1 tial user, who is not a mathematician, they have

at2  Cax2 SaX aX ax a good history of successful applications to a
3 1 range of hyperbolic problems. All these advantages

has been demonstrated, in the late 196j's, by the
work of the mathematical seismology group of the

where uI and u2 are displacements parallel to the late Professor Alterman [5].

xI and x3 axes respectively. Two different approaches have been used for

Vc is the compressional wave velocity, constructing finite-difference representations for
the elastic equations. The most common approach is

Vs is the shear wave velocity, to treat the elastic medium as a collection of homo-
geneous regions, each characterized by constant

Tt values of density and elastic parameters. Motion
The velocities are related to the Lame in each region is described by a finite difference

parameters of a medium by the relations approximation to the elastic wave equation for a
homogeneous region (equation 2) and tne boundary
conditions across all interfaces are satisfied

Vc  + 2, s  (3) explicity 12J.

P Jo
An alternative approach, based on finite diff-

erence representations for the more general elastic
equation 1, incorporates bourJary corditions impli-

The boundary conditions for free surfaces and citly. This idea has been applied to a scalar wave
interfaces can be defined in terms of components propagation problem by Boore[6], by the association
of Cartesian stress tensor T. of different values of density and the elastic

parameters with every grid point. Such a formula-
tion permits the treatment of complex subsurface
geometries. For this reason it has been used for

Tl a number of seismological problems.V-] If the
density is assumed constant, equation 1 in rect-
angular coordinates has the same form as for the

= T13  (4) homogeneous case given as equation 2.

T 3In the work, reported in this paper, by the
T author and his coworkers it is the former technique

which has been used.[8,9}
and

A model using finite difference methods con-
sists of four parts, which are the finite diff-au3  aul

T = V , +(V2 2V2\, erence nodal formulations, the initial impulse, the

aX1  ax3  data. Each of these parts of the problem is now

considered in turn.
13au 3 + 1 (5) FINITE DIFFERENCE FORMULATIONS

s I ax3 axlJ
Tne incremental forms of the basic elastic

au au equations consist of combinations of displacements
= V2 ._*_ + (V2 - 2V2) - at two time levels and these are used to give the

33 C ax3  c ax1  new displacements at a future time. The detailed
mathematical technique used in this study has been
described in detail elsewhere.[2, oI Here only the

where for the cases of: (in two spatial dimensions) main features of the techniques are indicated.
no bodily rotation, T 3  T3 1

stress free horizontal surface, T31 = T33  0 Body n os: The basic body node formulation, fortwo spatial dimensions, is obtained by the applica-
and at the horizontal interface, ul , u2, T3 1 and tion of centred-difference forms to equation 2. The

T33 are all continuous, basic coordinate scheme used is shown in fig. I.
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The use of equation 7 to give the displace-
ments at the pseudo-nodes enables the application

j-1 Time of the body-node formulation, equation 6, to the
node A(i,j,ki, to give the time development of the

il nhde'The second-order schemes have the time develop-
ment as an intrinsic part of the formulation.

Q(i,j,k) These are obtained by direct solution of the basic

d S, time increment; equations subject to the relevant boundary condi-

h & d.spatial tions and use only nodes within the body of the
, Pljk-l) j l increments along medium or on the surface. The equation for a

x & x3 respectively horizontal free surface has the form:

Fig. 1. Basic coordinate scheme for finite u(i,j,K + I) = 2Auti,j + l,k) - u(i,j,k - 1)
difference formulations.

+ S
2
[B(u)) (8)

The resulting nodal formulation obtained is:
where A is a constant and 8(u) is a function of

u(i,j,k + 1) = Zu(i,j,k) - (uti,j,k - 1) displacements at time level k and velocities. B
(b) can take various forms, the original derivation of

+ S
2
(F(u)) which was performed by Ilan, Ungar and Alterman[12].

where Ftu) is an explicit function of displacements ACCURACY AND STABILITY OF FINITE DIFFERENCE SCHEMES
and velocities,[hh]. However this formulation
applies only to the body of the medium, so that at The limits of accuracy and a stability for a
boundaries and interfaces special forms are requir- finite difference scheme are of considerable im-
ed. portance, and they are found not only to be affect-

ed by the nodal formulation but also by the form of
Boundar nodes: The boundary nodal forms can be input pulse used and tne material data.
either of irst or second order type: The first
order schemes use the concept of pseudo-nodes, a For the body node formulation, equation 6, the
line of imaginary or fictitious nodes introduced limit to the size of the time increments is set by
outside the boundary of the materials as shown in the von Neumann criterion [11].
fig.2.____

fi.,S -,h/,/V2 + +V (9)
i- i i+l c s

- - - - t - Pseudo-nodes. where h is the spatial increment for a uniform
j-l I grid.

Free surface The limit set by equation 9 is found for many
I IA(i,j,k) schemes to be insufficient. The limits of stabili-

3  - -+ ty for four sets of boundary node formulations
x3 I I nave been investigated for the half and quarter

spaces respectively by Ilan and Loewenthal t13] and

Fig.2. Nodes for free-surface pseudo-node Ilan [14]. The schemes have limits in the Poiss-
formulations. on's Ratio l7) value up to which they are stable,

and for most schemes tnis is about , = 0.4.

The ficitious nodes allow the boundary condi- One parameter which is found to be of consider-

tions to be satisfied and the equations used for aOle importance is the number of nodes per wave-
the horizontal free surface are obtained from the length. This is especially so when impulses or
stress tensor components, equation 4. When short pulses are used. Various workers 1beS] have
centered-difference forms are used the resulting shown that there is a lower limit of 7 nodes per

equation is wavelength at the shortest wavelength present and

it has been found that a compressional wave impulse

u(i,j - l,k) uti,j + l,k) + Cfuli + l,j,k) must be spread over 18 grid units if aliasing errors
and numerical dispersion are not to affect the

-uti - l,j,k) (7) results.

where L is a constant, which for the vertical The problems of scheme stability and accuracy
component of displacement has the form; have now been considered by a number of workers,

and, although further work is required, working
guide lines have been established. [O,l5,l(,]

(V,- 2y') / V

c 5 c



AMPL I T UDL
INPUT PULSES

1.0.

The initial conditions for a model require the
specification of the displacements at all grid
points, for two time levels, separated by the time
incremult, as set by stability considerations. L 0 udes

Two techniques have been used to obtain .5
pulses. Ihe first, which was use for a pulse ofL
Rayleigh waves is after Boore[6] and Munasinghe[lu],
and the sets of displacementsare obtained by
applying a fast Fourier trans.';orm to an analyti-
cally obtained wave nunier 5pectrum for each time
level[8,10]. The basic type, of pulse obtained is
shown in fig.3.

Fig.4. Shape or basic impulse.

F-T i T r-

I I- ARTIFICIAL GRID BOUNDARIES

Ir In almost all models, irrespective of the size
of computer available, as it is not possible to

- -1model a semi-infinite edium, artificial internal
i-t 'boundaries must be set at some distance from tre
1 I- ~ Iregion of special interest in the calculations.

- 4 These boundaries can be considered in one oft- 1 I several ways. I hese i nclIude produc i n a n abso-b i ng
nodal formulation, as is (lone in the finite element

Th model by Lysmer and DrakejvIJ; keepinq a larger
iteration spaceL2]; by specifyinq that the intevn.l

14 t 4 . . boundaries have zero displacement; or by using
s3Anmetry considerations and/or an analytical solu-
tion to follow the developient of the input pulstr
at the boundaries as is done by Ilan, bond and

Fig. 3. Short pulse of Rayleigh waves. Spivack[j].

There is no universally applicable proceu,
for the artificial boundary nodes. In the studes

The second technique, which has been used for performed at The City University, all 'he prece-
body wave impulses is obtained by a procedure dlures, except absorbing nodes, have been app

1 
led

adapted from Boore[o], and this cemputes a set of in various studies. in all studies it is nec.,uar
displacements from a Dirac delta function which is to be sure that the grid us,: is large enough to
integrated five times (GI to G5 ) and then five provide results that are not contaminated ba art-
consecutive central finite differences of G5 are flicial reflections, up te the tiwess o inter-, t.
taken over an arbitrary interval %. The function
is then normalized to unity at 0 O. This gives For example when an impulsive llne lo (XCt 1',
a smoothed 5-function. used on a semi-infinite half-space containrr:; i

slot[9] the artificial boundary nodal dis i, r eri :
we' e calculated using equations ior the ana lticA'

' ) !G ( + 5') - 51h + 3.-.) + IOGs(' + .) solution Ol a half-space[lj. This soltion is
accurate until the first scattered pulse reaLhe<

- IOG5 ( r. - 5G 5 (:. - 3') a boundary node.
(IO) M ATLRIAL DATA

- G5('. - 5, )]i(23o. ) ... ... ..
The requirements for the basic matt:rial dati

are that enough data should be given to enable the

which has the shape shown in fig.4.[9]. calculation of a consistent set of parameters, Sukih
as elastic ociuli. In the studies at The City
University the material data whicLh are used are the

The basic impulse, shown in fig. 4 has been shear wave velocity, tht' cempressional wave urlo 1tr
used to give line compressional[9 and shear impuls- and the density. All other necesary paramete

<

es, impulses of limited extent and as a cylindrical are calculated usinq relationships between ellstic
source. moduli and velocities[tll .



TYPES OF WAVE PRUBL[M SUITABLL FOR SOLUIION The six constraints above may appear to be
USING FINITE DIFFERENCE MlOHrTHU.- very restrictive: They are so in some senses, but

the method can be applied to many problems of
Finite difference methods nave proved them- importance.

selves as a technique for solving specific types of
wave-propagation problems in seismology and geo- Constraint (a) provides for the reduction to
physics. It is important to understand what these systems with two spatial dimensions. This reduc-
are when applying them to problems of ultrasonic tion results in two families of problems, one in-
wave propagation and scattering for non-destructive including the horizontal shear (SH) wave and the
testing. Problems which can be solved are other the vertical shear (SV) wave. To solve
restricted to the following types: systems requiring both SH and SV waves or mode

conversion between the two families requires the
(a) Problems that can be reduced to two full 3-0 system which is only possible if a very

spatial dimensions and time. large computing system is available. The studies
at The City University have only considered the

(b) Pulsed-wave and transient-impulse pro- two dimensional problems involving shear [vertical),
blems in both solids and fluids for which basic compressional and Rayleigh waves, and some ex-
equations of motion can be formulated. amples of the basic configurations considered are

shown in fig.5.
(c) Problems for which a wave source can be

completely specified at two times. Other material properties such as internal
friction[19 and piezoelectricity[.o] have been

(d) Problems that can fit into grids, the added by some workers and some models have also
sze limits for which are set by the computer been constructed using cylindrical and spherical
available, using about 10 nodes Wer wavelength, coordinate systems. with restriction to reduce
(practically, about 300 x 100 nodes for the system problems to two dimensions[2].
at The City University).

MODEL STUDIES
(e) Problems for which a basic data set of

compressional wave velocity (..), shear wave velo- The basic finite difference model formulations
city (.-_) and density (-) or equivalent elastic are combined, subject to the basic model initial
constants can be specified for all media involved, conditions, to give a computer program for a basic

configuration, with a particular type of input wave
(f) Problems for which the geometry can be pulse.

reduced to smooth curves, or straight lines and
their intersections, for the free surfaces and the Each computer program is written in Fortran
material interfaces. and run on the University of London Computer

Centre's CDC 7600 computer. The models require in
Rayleigh wavepules on:- excess of 32K of core and have run times between

20 and about 200 seconds. The exact requirements
vary considerably, depending mainly on the size of

- - - -the basic grids of nodes, the velocities of the
. .... main wave or waves of interest, the graphics out-

put produced and the peripheral calculations per-
down step open slot formed. Models in which either the shear or the

Rayleigh wave is under investigation require com-
Compressional__impulses on:- puter program run times about twice those required

for the same configuration and grid size when
studying compressional waves. The limits on the

size of system which can be model led are set only
-by the size of the computing facilities available.

half-space open slot Iwo types of system have been studied; these
are firstly the near field systems and secondly

Shear impulse on-- the far field systems. Examples of the models
which have been produced at ]he City University

, "are now presented.

' - --- -' RAYLEIGH WAVE MODELS

half space open slot The original finite difference models develop-

ed at lhe City University were used to study pulsed
Cylindrical line source on:- Rayleigh wave propagation and scattering. This

work provided an opportunity for the collection and

development of sets of boundary node formulations
and an investigation of basic model accuracy and
stability[lo.

half-space plate The problem of scattering by open slots was
approached by firsL considering individual corners

and their combinations into steps with depths of
F1.5. Ixamples of basic models considered the order of a wavelength. This work is illustrat-

at The City University. ed by a pulse at a down step shown in fig.6.
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(c)R
r

Fi.6'nbt opesoa n sha fom yoe lt
Rayleigh pulse at a half wavelength deep down step,
using aluminium data and 35 nodes per wavelength.
System after, (a) 20, and (b) 200 interations,

Tc) Main pulse identification: ig.7. Line compressional wave impulse incident

C Lompressional wave, S Shear waveonahl-pcicdetnge4*

R r Reflected and R t  ransmitted Rayleigh waves. lhe scattering of the impulse shown n fig.4,

Fig. 6. in both compressional and Shear form, by op~en slots
was studied for slots with a range of widths and
depths and with a range of angles of incidence

The energy in the various pulses generated is (fig.8). The case of a compressional impulse at

found to vary considerably as the depth of the step 45 angle ot incidence is shown in fig.9. The amp-
changes. The reflection coefficients were measured litude and direction of individual nodal displace-
and this was compared with experimental results ments is clearly shown by the vector-visualisation

and is shown in fig.13. which is after Harumi.[21].

LINE BODY WAVE SOURCES

The analytical solutions for the problems of
line impulses of compressional and shear (SV) waves Depth
on semi-infinite half spaces are well known.[18].
These solutions provide a means of testing the Angle of
accuracy of the finite difference solutions to the incidence
same problems. It is found that finite difference Width

models can be produced which give solutions that
are indistinguishable from the analytical cases.

The example of a line compressional impulse Wave front

on a half space of material with Poissons ratio
of 0.25 is shown in fig.7. The angle of reflection
for the mode converted shear wave given by the
theory is 650 54' and that given by the finite
difference model is 66', and the energies are also Fig.8. basic model for body wave
in good agreement. scattering by open slots.
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Fig.9. A line compressional imulse iric,,ent
on an open slot, for the case of 45'
angle of incidence.

Fig.lO. Line shear impulse on a slot in a half-

For compressional wave scattering it is found space, with 80
° 

angle of incidence.

that complex piatterns of scattered and mode con- VERTICAL D]ISPLACEMENT
certed pulses re generated, the energy is each G= 80.
mode being dependent on slot dimensions and mater- _
ial properties. For all angles of incidence 101
between 0' and 90

°
, strong pulses of Rayleigh wavesl _--. __//

are seen to be generated, the wavelength of which Nodes J
ippears to be related to the slot dimensions.[9] from 14

slot . . . ._\
The interaction of a line Sh~ear impulse with / -/

80' angle of incidence and an open slot is shown 18 . . X

in fig,)£). As for a compressional pulse it is
found that a complex pattern of scattered and mode- /- \'!

converted pulses is generated. /
In addition to the presentation of results in HOR IZONT /r DISPLACEMENT

various fo rms of visual isat ion, synthetic time // Om 80.-
domain signals are generated. 

These provide 10jO1O1 D1PACM

results which can be directly compared to the time _ /
domain signals from transducers. Examples of this .. .. - J

type of results for surface points is the model 11 2ll F
shown as fig.lO and are shown as fig.11.

A cylindrical line source of compressional 18 --- .N

waves based on the smoothed 6-function shown in
fig.4 is Shown on a half-space by both numerical
and vector visualisations in fig.12. Both the
vectors and grid show only every fourth node in Fig.1l. Synthetic time domain signals for the
the scheme. shear wave system shown in fig.10.
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Fig. 12. Expanding line cylindrical compressional wave source on a half-space.

Reflection

COMPARLSION BETWEEN NUMERICAL MODEL AND EXPERIMENT coefficients

In parallel with the production 
of the compu- 0.5 .34

ter models a series of experimental measurements (rt' c . *

have been made to test the model results on simple
configurations. ,

The experimental equipment used is the Central
Ultrasonics Test Equipment (CUTE) of The City 0.25 £ o
University Ultrasonics Group which includes a .24
spectrum analyser[22], and is on line to a
PDP 11/34 computer. In outline, the experiments
consist of using broadband pulses (0.5 - 6 MHz)
generated by peizoelectric transducers on both
aluminium and steel blocks and looking at the
reflected, transmitted and mode converted pulses
resulting from interactions with corners, steps 0.5 l.0 1.5 d/1
and slots.

The reflection coefficients from both models Fig.13. Transmission P reflection coefficients
and experiments for a set of measurements made at at down steps ,ith depth (d) measured
down step are shown in fig.13, together with ex- in wavelengtns (>).
perimental results obtained by Frost et al [23).
The curve plotted for the model using data for
media with Poisson's ratio = 0.24 is identical Numerical and experimental results for the
with that given by Munasinghe[16], who used a case of compressional impulses normally incident on
finite difference model to obtain his results. an open slot[gJ, are shown in fig. 14.
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Fig. 14 Compressional impulse normal to a

slot. Vertical displacements below 4cylinder
a slot given by: (a) the numerical
model (b) experiments. Wave front

All the experimental measurements performed
have provided results which are in good agreement InputRayleigh waves
with those given by the numerical models, subject Raed at
only to limitations set by transducer coupling, generated at
surface roughness and pulse width (normal to slot (Rl , R2)
direction of propagation). /

NEW MODE-CONVLRSION TECHNIQUES FOR NDI .27

The numerical model predicts that, when com- 1.2
pressional waves are incident on i surface-breaking
defect, they cause it to oscillate and generate
Rayleigh waves. This is clearly visible in figs.9
and 15 and is strikingly shown in the computer- .
generated 16 mm film[25s. This type of mode con-
version has been previously used for bulk-surface
wave mode conversion in Acoustic Surface Wave
devices[24l, the fundamentals of which are shown 2.5
in fig.15, together with comparisons between V2.
numerical-model and experimental results. The 10-6 sec
energy found in the mode-converted pulses measured
by this technique is large, typically about 20 dB Fig. 15. Compressional-Rayleigh wave mode con-
above noise levels when using normal commercial version at a slot. Ja) Visualis~tion of
transducers on undamped blocks, this being increas- system. (b) Vertical comrnents of dis-
ed to between 30 and 40 dB above noise levels when Placement on the free s urmace of bodk
damping material is added around the test block and with slot as given by (i) numerical o el;
the maximum pulse used to excite the transducer. (ii) experiment on duralumin block.
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The potential of the new technique was
investigated by a set of time domain and spectral Slot Depth l/ff (11)
measurements performed on pulses scattered by slots
0.3 (± .02) mm wide and with a range of depths. An
example of a time domain signal and its spectrum where f is the peak frequency in the spectrum of
are shown in fig. 16a. For each slot studied the the slot generated Rayleigh wave. It would there-
peak frequency in the mode converted Rayleign wave fore appear to offer a new method for crack sizing,
was measured and it is shown plotted against slot in addition to just detection. 128].
depth as in fig. l6b.

In general the observation of mode-converted
pulses generated at defects would appear to form

analyser 2 ,sec. the basis for a new range of non-destructive test-
a) ing techniques. lhe use of the crack-tip-generated

gate position shear wave has previously been investigated by
Silk[27] and there are indications from the present
studies that several of the different types of mode-
converted pulses can be used for crack detection.
It also appears that for the mode-converted pulses
both pulse spectral content and their relative
energy can be related to crack size.

CONCLUSIONS

The finite difference method provides a means
of studying systems which have no analytical solu-
tions. When used to follow ultrasonic wave propaga-
tion and scattering, it has given models which

0 2 MHz. include mode conversions as an intrinsic part of
the formulation, which have specific elastic pro-
perties, and which are free of coupling and other

b) practical problems of laboratory models. These
numerical models give both numerical and visual

Depth results which provide material for direct compari-
mm son with laboratory results.

4.0@
4.0.... I/f In addition to providing insight into many

1/f2 scattering problems, a new family of crack detection
1I/f2  methods have been discovered and it is shown that

using compressional/Rayleigh mode conversion, slots
3.0- can be sized by taking the spectrum of the slot-

generated Rayleigh wave pulse generated by the slot.
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both I/f and I/f2 curves were plotted; these
are also shown in fig. 16b, and it would appear
that the depth of the slot is related to the
Rayleigh wave pulse peak frequency by a relation-
ship of the form:
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SUMMARY DISCUSSION
(Leonard Bond)

James Krumhansl (Session Chairman--Cornell University): I would like Io start off ii..
questioning. The frequency F in your Quad S versus one over F squarted, is t.a!
the center?

Leonard Bonds That's the center frequency.

Wolfgang Sachse (Cornell University): Have you made a comparison Ietweent this mxol, I
or calculations to the exact solution, say the lambda problems or the- e e cer;1e'
knock-off problem?

Leonard Bond: The cylindrical epicenter on half space, yes, we have teen c,; oar'r,,,
that. And where we have got a lambda solution, we do compare th,.m. The results
are in good agreement. So, the case of line sources on a hall space, which is
in fact how we solve the artificial boundaries for all the slots once they're
in excellent agreement, the angles are the same and amplitudes are very close .

Gordon Kino (Stanford University): Do you have any feel from these scluticns as 1(
what the sharpness of the corners are'? We, for instance, in experiments look aI
a corner and we look at Cornell's theory, which is an early forerunner cf this,
1 think, and the results, therefore, are agreed, sometimes they do, tometimes
they don't with the kinds of theories that people have already dori, , and we havf
always (inaudible) to that corner. Do you have any feel for this'?

Leonard Bond: With the Rayleigh wave work, yes, we did start lookini' at the cornerst
because we found on the 90-degree corner, if the radius of the eor r war, grealfr
than twice the wavelength, the wave just didn't seo it. And as you cara in, th Ir
was a critical point where it became much sharper, arid suddenly to to a d. lle,-
tion coefficient. For the 270 corner we had one set of steps that wvre cut,
and we were getting very funny results. The pulse was just going around their..
And so, yes, the corner sharpness does have a considerable effect. Anid that dc,,s
come into the model because if you change the modes for wavelength and take it
down too far, you start getting (inaudible).

Gordon Kino: Can the model really reproduce the corner well'? Because it'i. a samer ca
procedure, this finite difference. What do you do about these sharp

Leonard Bonds If you keep the nodes for the wavelength above It. iiodes per wavel]erleth,
it's okay because we have compared it with experiments, and we use btulh. Wt- uri,
mechanical modeling and lab experiments, the two working together.

James Krumhansls May I supplemernt that question? Is there a technique in whioht you
use a different grid, differei t mesh size in the vicinity of some astifcl which
you know to be critical, so you could use a much finer mersh sizr anid mr; it r.tit(
the--I'm asking a question about--

Leonard Bond: You can change your grid size. It increases Ihe coml]exity &f It., js -
gramming, and there's a group that has been using dilferetrt erid si 'z a. 1, teat',
to stick with a very fast algoritnm for uniform grid, the problem ili e.v,'y 1r1m,
you change grid size, unless you're very careful, you can introduc( atn an ifiia]
impulse at this artificial grid change.

J. D. Achenbach (Northwestern University): I'm sLu- every tjme y(u give th;, llki
somebody brings up the finite element matter, and it would seem that il this
connection the finite element might have sorie advantage in the sere yo , id
construct a special element that would take into account sintgiularilies: that
appear at corners and at crack tips. Is that true, or ?

Leonard Bond: Basically, you can do static problems either with finito eleTmrnir; ;,Id
finite differences and your grid special elements are very u.seftl. Wh,,i. it ,
to this type of pu)se problem, hyperbolic problem, some p( ;., have had sm,
success with finite elements. As yet they really have g[ot to prv themselves fPt
general hyperbolic problems. You end up with a problem where yeu have to inve ,
albeit band spars matrices, and you got size limitations on lthe grid. In
principle, you can probably get it out eventually usir, fi aitc elements, but
the algorithms are much more complicated.

(conti rued)
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Leonard Bond (discussion continued)

3eorge Herrmann (Stanford University): Have you been interested in problems where you
have a physical boundary relatively far away from your (inaudible)
and you're interested in the reflected wave? There is a problem there, obviously,
that you cannot model the whole body because the computer capability is Insuffi-
cient, and you have to try to match analytically a solution in the interested
region, and it turns out it's rather difficult to do that because of artificial
wave reflections at the interfaces.

Leonard Bond: It is difficult indeed to match the two together.

George Herrmann: Do you have any experience in that?

Leonard Bond: We tended to do it on (inaudible) where we have been comparing
experiments, and we mainly use the finite difference for looking at local
interactions. If you want to follow propagations in the body of the material,
we follow the array theory besides the seismological ones.
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APPLICATION OF MOOT TO SCATTERING OF ELASTIC
WAVES FROM INCLUSIONS AND CRACKS

W. M. Visscher
Los Alamos Scientific Laboratory

Los Alamos, NM 87545

ABSTRACT

The method of optimal truncation (MOOT), a convergent T-matrix scheme, has been applied to the compu-

tation of scattering of elastic waves from axially symmetric fluid and elastic inclusions imbedded in an

isotropic homogeneous medium. Cones, pillboxes, and spheroids have been considered; an example of fre-

quency and angular dependence of scattering from an oblate spheroid is given. Cracks may be c~nsidered

as special cases of inclusions wherein the included material is identical to the host. A circular crack,

for example, may be simulated by imposing free boundary conditions on the top surface of a pillbox and

requiring continuity of displacements and surface tractions elsewhere. Alternatively, it may be feigned

by an equatorially cloven spherical inclusion, wherein free boundary conditions are imposed on the bi-

secting plane and the spherical surfaces are welded.

INTRODUCTION

The problem we wish to solve is illustrated in ,S p = (x+2 .) div p~m

Fig. 1. A flaw, which is a uniform inclusion in a

homogeneous isotropic elastic medium, scatters an We have assumed a steady-state situation wherein

incident elastic wave in . The shape, orientation, ) =

density, and elastic consiants of the inclusion i S/t= .

are assumed to be known, and we want to calculate

the scattered wave. The eigenfunctions Sp' are specified by the
three integer indices p,im, which arise naturally

when Eq.(3) is written in spherical coordinates.

Details, including explicit expressions tg the
pk basis functions, can be found elsewhere."

1 
The

elastic wave polarization is specified by p, which

takes on 3 values corresponding to one longitudinal

and 2 transverse polarizations. and m are the

usual radial and azimuthal eigenvalue indices;

X'p'! tc =0,1,2.'. and m -t, -

Sil , a solution of Eq.(3), behaves for r
like expTikr)/r; it is a Iineari mbination of the

spherical Hankel function ht (kr) jt 4 ii,

and iLs first derivative. Trpv is a solution of
Eq.(3) which is regular at the 'origin (always inside

Fig. 1. A flaw, which is an inclusion with differ- ):s; it is obtained from 1 by replacing I'- with

ent parameters X'.'p' is imb dded in the hot med- j, the spherical Bessel unction of the first kind.

ium. An el,.stic plane wave S is incident with The incident wave in Eq.(1).is expanded in the

polar angles --, t,; the probem is to compute the exterior regular functions ; it is

scattered wave in a direction ,, I. The vector i

displacement is called ; the suffixes inc, in, and in = d 4 " i Y "o) (4)

ex abbreviate incident, internal, and external re- inc pmm p.n cm 0 0 p M

spectively. 1: is the surface which separates the

inside from the outside of the flaw; the boundary for a plane wave with polarization p incident from

conditions imposed here determine the scattering. (. : ). The wavenumber k depends on the polariza-

ti~n 3; its magnitude is kL = ,,./( +2,.) and

The method(1)whereby we proceed can be briefly kt z , for 1ongtu a and transverse polariza-

explained as follows. We expand the displacements tions respectively. An incident longitudinal wave

in a series of partial waves; scatters into both polarizations; this is called

mode conversion. Spim is a regular~solution of (3)

ita inside the flaw; it is the same as pj.,except forex= inc + )apt m  p~m (I) the wavenumber, which is k' rather than k.

5
in - b p 9p"m (2) Hooke's law for the elastic solid is embodied

in the expression for the stress tensor ,ij

where each of the S's solves the elastic wave equa- i ijk , + k(5)
tion in the appropriate domain. ;

in cartesian coordinates. The index f',llowing the
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comia signifies differentiation. For the iso- computers are finite, and the sum over 9 in (1)
tropic case Eq.(5) simplifies to must be truncated, say at v - tmax. We take the

best choice of a = 0,1,-.- Zmax to be that
ij = -'(Si'j + S j,i) + " 'ij div (6) which minimizes I-or J. Thus the equations from

which the amplitudes may be determined are

in terms of the Lam6 elastic moduli k and . I
If n denotes the unit normal to E (see Fig. 2), --- 0 (obstacle) (13)
the surface traction may be written as the a p
contraction of 3ij with it;

ti E-ij A (7) - 0 (void). (14)

n It is easy to show that the sequence

max max + . (15)

A converges to I,, = 0 if an exact solution exists
which satisfies appropriate smoothness conditions.

MATRIX EQUATIONS

The fixed rigid obstacle provides a simple
example for the derivation of the matrix equa-
tion from which the a 's may be determined.

Fig. ?. Surface coordinate system with basis Now I is, explicitly ptm
(At p, $, A cartesian system; fl is the unit 2
normal, p and $ are in the surface. I = d S am

In the cartesian coordinate system shown in Fig. ( 4
(2), this equation reduces to

tn = 2; Sn,n + A div The derivatives of this equation are

tp : (S n~ p  + S p ,n )  (8 ) ) m ) . ' " IT')P '+ P ,P ' ;m 'd " P 'IT
=

t = I(S + S n)

t. S, S ,n where

which are convenient expressions because the Q do S , (18)

boundary conditions which determine the displace- Qpm,p'I'm' pm p''m" (18)
ments and stresses are most easily expressed in
terms of normal and parallel components at the
surface. Ind

MINIMUM PRINCIPLE p'm'p'' m, ] d, p;m " p ,' '( )

If the a im's of Eq.(l) are found, then it is Equation (17) can be abbreviated
easy to get the various observables like cross-
sections and phases from them. They are determined Qa + Qd =, k20)
by the boundary conditions on " and may be found
in the following way. For the present, for or
illustrative purposes we consider the simplest
flaws: fixed rigid obstacles or voids. For thesr, a : - Q-Qd : Td. (21)
cases the boundary conditions are

This defines the T-matrix, which is independent of
ex = 0 on :" (rigid obstacle) (9) the direction and polarization of the incident

wave; this information is contained in d

Lex = 0 on E (void). (10) As a practical matter is Thould be noted that

the Q and T-matrices are diagonal in m if the
If (9) or (10) hold, then surely the surface inte- flaw has axial symmetry. They n therefore be
grals written in block-diagonal form 'l, which usually

reduces the amount of computation required by
I d., ex, (11) orders of magnitude. For this reason the snapes

we calculate are always axially syimnetric.

and T-matrices which in the limit of 4pa x
'

.become

Sdi . (1) identical to that defined in (N1 can e defined(12) in an infinite number of ways ). This one is
e x uque and optimal in the sense that it s gener-

must vanish if i; an exa(t solution. But our ated by a convergent ,equence of surfa(e integrals.
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BOUNDARY CONDITIONS pressing subscripts,

In Table I we bring tooether the boundary con- 1K
ditions for various kinds of defects, and show the = = 0 = Qa - Qb + Qd (23)

integral functionals of the surface fields which
must be minimized in MOOT.

Table 1 
=_6a+Qb - Qd. (24)

Void In these equations the matrix Q is given by
Se= unrestricted; t D  Qptrnp' 'm p

x e • Sp( do (25)
___= ____e_ j pm pm

+B t(+) tp d, .

Fixed Rigid -ObstacleI m pm

The involved reader can easily deduce what the
meanings of Q with the various other decorations

=are. In particular, the multiplicity of carets is
ex equal to the number of inside functions occupying

Elastic Inclusion (welded) each integral.

e S t = t The linear system (23), (24) can be solved

ex =in ex in for the T-matrix of Eq.(21);

Jex in' d J ex in' do I = (QQ ). (26)

Elastic Inclusion (slippery) The effects of vibrations of the medium inside the
flaw, including possible resonances, is contained

Sexn = Sinn ; ex11 = inll unrestricted in the second term within each set of parentheses.

texn= tinn t exi = m 0 The positive parameters a and 6 occurring in
t .(22) require some discussion. Clearly in the limit

5 Sn I do ; 3 = texn-tinndo ; - -.' their choice has no effect on the answers,I= 
bmXfor small Z. they (actually only their ratio

K ('in I' + exll 
2
)do is significant)

m
Hould be chosen carefully. From

the expression (8) for the tractions it is clear

that dimensionally
Fluid Inclusion

Same as slippery elastic, with c / 5 - pik', (27)

= 0 (i.e. tinil = 0 automatically) and it is easy to invent plausible arguments for
promoting this into an equality. Not the least of

Elastic Inclusion (unglued) these arguments is that (27) works well in practice,
giving results which agree quite well with recipro-

ex in tunrestricted t ex in 
= 
0 city and the optical theorem for small " We

note in passing that arbitrariness, illus~ated ex-
I 1plicitly by (27), is also implicit in all the sur-

c tin, + texI)
d
k face integrals. The integration measure do is

taken to be the surface area, but it could be taken
Table I. Boundary conditions to be imposed on . to be any positive measure whatever without affect-for various types of' flaws. Conditions on dis- ing the results in the limit t ,

placements and surface tractions are given, as are max
the surface integral functions of the amplitudes RESULTS
which are to be minimized in several cases. Where
more than one functional (I,J, and K) of the sur- To demonstrate the application of this method
face fields is to be minimized, we will minimize to the computation of scattering from an inclusion,
a positive linear combination of them, as discussed we show in Fig. 3 the backscattering as a function
in the text. The Elastic Inclusion (unglued) can of ka from an oblate spheroidal magnesium inclusion
be made the basis for a treatment of a crack, as is in stainless steel.
also discussed in the text.

As an example of how the expressions given in 
CACKS

Table I can be used to derive linear equations for There are several ways this method and relat,1
the amplitudes we consider the ca~e of the welded methods can be applied to scattering from cracks
elastic inclusion. Here we need to worrv about With axial symmetry. One might, for example, take
the internal displacements and stressesSin and in a circular crack to be the limit of an oblate spher-
thus after forming a positive linear combination of o ld as its aspect ratio 0. Or one might imagine
I and J

K = al + BJ22) that the crack is the top surface of a pillbox-shaped identical inclusion (X ,,', '), w. ,1 ld in

g(1), (2), (4), and (8) we can write, sup- place except for the top surface, which i free(un-
and using (nwqlued). Alternatively, a circular crac night be
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viewed as an identical bisected spherical inclusion, illustrated ing(49&4c ) avoid singular integrands

These 3 crack simulations are pictured in Fig. 4. by keeping the origin away from the region of space
where the fields are expanded in regular functions.

Fig. (4c) has the apparent disadvantage that it re-
quires an additional eigenfunction expansion; that

_m-_- o10 is, space is divided into an external region and

two internal regions. Because of the up-down sym-
metry when the crack is plane circular, though, this

drawback can be circumvented, and for this case
__ O ao..caier -20 Fig. k4c) is the formulation of preference. The

very asymmetry responsible for the inferiority of

Fig. (4b) for the plane crack, though, makes it the

preferable picture when the crack is not planar,

V- c-46"Bkwotter -30 e.g. a spherical cap or a Frisbee shape.

A difficulty common to all 3 crack simulations
shown in Fig. (4) is caused by the fact that the

-3C -- 30 displacements and stresses near a crack edge re

singular; the displacement behaving like pI, the

stress like p- / , where -is the distance to the(edge. These singularities cannot be well represent-
.-30 ed by a partial wave expansion (1) and (2) with a

90Bokscttsr reasonable number of terms, and an accurate descrip-
tion of the singularities appears to N critically

o4 important to a scattering calculationL
} .

The form of the singular displacements can be

easily calculated asymptotically close to the Eck
Fig. 3. Backscattering of an incident longitudinal edge in terms of just 3 independent amplitudes 

.

elastic wave from an oblate (aspect ratio 
= 
2) spher- This fact can be exploited to solve the problem of

oidal inclusion of magnesium in stainless steel the edge singularities in a number of ways. One
(p//' = x//' = //' = 4; A/I, = 2). The axis of the way is to actually surround the crack edge with

spheroid is at 0 =0; the curves for successively a torus and expand the displacement in the torus

larger angles of backscatter are displaced downward in terms of the amplitudes of the 3 singular modes.

10 db. t =8 was used for these calculations, Then one has additional surf-ace integral over the

which wereahone for 50 values of ka = 0.1(0.1)5.0. torus and 3 additional amplitudes to deteiine for
About 10 min. were consumed on a CDC 6600 to gener- each m. Another way is to require, in a least-

ate the scattered amplitudes which produced these squares sense, that the fields satisfy crack con-

data. Thirty Gauss-Legendre quadrature points were ditions at the quadature points of the surface

used in the numerical integrations which produced integrals nearest the crack edge. This is the

the matrix elements. simplest alternative and is presently being pur-

-jed.
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SUMMARY DISCUSSION
(William Visscher)

Don Yuhas (Sonoscan): You listed two types of elastic inclusions, one slippery and
one with welded boundary conditions. Could you give a physical example of each?

William Visscher: Well, not really. The real reason that I listed the slippery
inclusion is that it's a stepping stone from the welded inclusion to the fluid
inclusion.

Don Yuhas, I'm just trying to get some idea so that if somebody goes into a lab
should they measure in order to confirm what you're calculating.

William Visscher: I haven't calculated anything for the fluid inclusion yet, but the
physically realistic ones are the welded inclusion and the fluid inclusion.
Slippery elastic is sort of halfway between.

James Rice (Brown University): It's a very small point, but you said it was obvious
that for the rigid inclusion, the displacements have to vanish from the surface,
and I thought it was obvious that the displacements have to be those of a rigid
body, which can move.

William Visscher, I should have said rigid immovable inclusion.

George Gruber (Southwest Research): I'm very dubious about extrapolating from an
inclusion-like defect to a crack-like defect because I basically believe that
inclusion-like defects behave like scatterers having smooth boundaries, and a
crack-like defect has sharp boundaries and basically behaves like a diffracter.
And, mathematically you might be able to come over, but physically the inter-
action mechanisms of the ultrasound with the defect types of these two basic
types seem to be widely different and seem to some from a different direction.

James Krumhansl (Session Chairman), I guess that comment is an interesting comment.
It has a variety of applications to discuss. Maybe you want to comment, Bill,
but we will call it at that.

William Visscher, It was worries like that which motivated me to have a different
expansion in the neighborhood of the crack edge. That is, you can put in exact
forms for the displacement and stress in the immediate neighborhood of the crack
edge and use separate expansions there.

James Krumhansl, So my comment isn't entirely opaque: certainly the crack properties,
for example, by Rice and Budiansky have been mapped on the very long wavelength
region where there is no diffraction.
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MATRIX THEORY OF ELASTIC WAVE SCATTERING:
APPLICATION TO SCATTERING OF TRANSVERS[ WAVES

Jon L. Opsal
Lawrence Livermore Laboratory
Livermore, California 94550

ABSiRACT

New calculations of elastic wave scattering usinn Visscher's ratrix theory have been made for
transverse waves incident on axially syrmetric defects. Lonqitudinil incident waves have also been
considered with the results in agreement with those obtained previously by Visscher. A number of
interesting features for incident transverse waves will be presented as well as somle of the rractical
aspects of the calculation (e.q. converqence, accuracy, and computer time).

INTRODUCTION where A and Y depend on a parameter ka as

The transition matrix (T-matrix) approach Ai,j = ai,
(il

ka
) 
il (jIka)+l Yi Yi 

(i
/ka)"

to solving elastic wave scattering probleris has with a and y indenendent of ka. This behavior
received considerable attention with esseitiall is analogous to that encountered when implementiir
three methods having recently been developed.l

-  
HOOT for terms in the spherical wave e-pansion

Of these, the only method for which convergence corresponding to ; - ka, where - is the order
has been demonstrated is the method of ontimal of the spherical Bessel , Neumann, or Hankel
truncation (MOOT) by Visscher, which he has proven function, k the wave vector, and a the "size"
converges uniformly to the exact solution. Some of the defect (e.g., for a spheri-al d.lfect,
aspects of the rate of that convergence, however, a equals the radius of the sphere). In this
have not yet been appreciated and will be discussed limit, the spherical Neumann function becomes 1
in the first part of this talk. very larqe, increasinq approximately as (/ka)'

An attractive feature of any transition Inverting Eq.(l) one obtains for X,
matrix theory is that the T-matrix is independent / \
of the incident wave. Taking advantage of this, /X 1 ((a,,y, - a,,y i, )(a/) 

l

I have written a program based on MOOT which ( C'+(
calculates scattering of both longitudinal and X a ;;y;, a, y, )(ka/, 

+

transverse waves incident on a defect from any
number of prescribed angles. I should point out where d a a, - aa
at this time that my results for the longitudinal The X. in this example correspond to the
case agree with Visscher's, suggesting that the 1
method has been implemented correctly by both of us. scattered wave expansion coefficients and
Some examples for scattering from cylindrical voids illustrate that once i exceeds ka by some
will be shown in the latter portion of this siqnificant amount, the series has converned.
presentation. However, Eq.(2) also shows that if the off-

diagonal elements of a are comparable to either
DISCUSSION of the dianonal elements of a, the full matri

needs to be inverted for an accurate determination
In any T-matrix theory, the incident and of X. This would be the case even when X i%

scattered waves are expanded in some finite subset found to he insionificant compared to X Another
of a complete set of functions, with the particular
theory based on the method used to relate the way of saying this in terms of the scattering
unknown scattered wave coefficients to the known problem is, that while i.t is wavelength relative
expansion coefficient, of the incident wave. Usinq to some characteristic size parameter that
a finite number of terms in the expansion results determines the number of terms required for the
in an error in satisfying the boundary conditions, partial wave series to converge, the accurate
MOOT optimizes the solution by a least snuares solution for those expansion coefficients reouires
minimization of that error which guarantees a matrix whose rank depends to a large extent
uniform convergence to the exact solution. A very on the shape of the scatterer (i.e., its deqree
interesting and significant point regarding the of departure from sphericity).

convergence of MOOT is perhaps best made with the
following simple example. RES-ULTS

Consider a system of two equations in two
unknowns, There are several checks that one can make

to test the converqenc-e and accuracy of the
, A (Y;\ calculations. In particular, the total cross-

(1) section, SIGMA, can be calculated at some order,

( A'. ' Y rl, (where N is the highest order spherical Pesel

function in the evnansion) and then at
successively hinher orders until no significant
channe in SIGM is noted. The accuracy of the
calculation is also reflected in the extent to



which the optical t ieorem is satisfied. This In Figs. 1-4, the total cross-section and

theorem states that the imaginary part of the optical theoren are shown to converge for

forward scatterinq amplitude, IMF, is equal to longitudinal and shear waves incident on a

the total cross-section and depends on having sphe-ical void which has been displaced by an
calculated the phade of the scattered wave amount equal to one-half its radius. The hluescorrectly. A different kind of test, which to for SIGMA at convergence are exactly those obtained
cynorr e asndifeen dof ese, ich to in the undisplaced configuration. Although only
my knowledge hasn't been done before, is to

calculate the scattering from a spnere displaced terms of order up to and including N=4 were

from the origin of the coordinate system in which needed in the resulting partial wave -eries, the
the spherical wave functions are defined. In this calculation didn't converge until N=14, as indica-

displaced geometry, the wave functions are no ted in the figures.

longer orthogonal, consequently, a relatively In these figures and in the remapainn r

larger matrix than in the undisplaced geometry figures, THETA is the polar anle in the coor-

will have to be inverted. Since the cross- dinate system whose polar axis is defined by the

sections are invariant, comparing these results incident wave vector, and THETAO is the anele

with the known exact solution provides an of incidence measured from the synmmetry axis of

additional test. the scatterer.
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In Figs. 5-8 are shown differential cross- results to igree with those shown in Figs. 5 and 7.

sections, DP, for scattering from a spherical The results shown in figs. 9-10 arp for waves

void in the long-wavelength limit. For these incident at 0', 45', and 90' on a cylindrical void

calculations, and for all the calculations having aspect ratio of 1/2. Evidence can he found

discussed in this talk, the cross-sections have in these figures that one is approaching the short

been normalized to the geometrical cross-section wavelength limit, especially at the 45" incidence.

(which forthe sphere is na
2
). The azimuthal angle For longitudinal incident waves, the peak centered

PHI, ranges from 0 to 180 degrees and is measured about ll
1
0 is where one would expect a mode-

from the x-axis which in the case of incident converted specularly reflected shear wave. All of

shear waves lies along the shear wave polarization that peak is in fact due to the mode converted

vector. For convenience, the shear wave velocity scattered wave. Strong backscatterinq at normal

has been set equal to one-half the longitudinal incidence and weak hackscatterinq at 90 is also

velocity in all calculations. In the long- the expected behavior as one noes to short

wavelength limit, N=2 is sufficient for conver- wavelengths. I should point out that for shear

gence when the sphere is centered about the origin, waves incident, mode conversion contributes about

the results for this case shown in Figs. 5 and 7. an order of magnitude less to the cross-section

Figures 6 and 8 show calculations for the displaced than in the case of incident longitudinal waves.

sphere to order N=4 which clearly have not conver- All that one sees in Fin. 10 is the direct

ged. For this case, N=12 is required for the scattered wave.
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In conclusion, I would like to express my
opinion that the method of optimal truncation
has advanced the theory of elastic wave scattering
to the extent that it should be seriously
considered as a standard with which to test the
validity of other more approximate schemes. It is
my intention to make such comparisons with other
methods and place some quantitative limits on
their range of usefulness.
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SUMMARY DISCUSSION

(Jon Opsal)

Norman Bleistein (Denver Applied Analytics): I would like to address myself to this

question of spherical harmonics. It would seem the difficulty is that you try
to use spherical harmonics to do a problem where the coordinates are not the
most desirable coordinates. Have you tried to use ellipsoidal harmonics?

Jon Opsals In these kinds of problems it's only the spherical coordinates that you

can actually separate the waves into longitudinal and transverse.

Norman Bleisteins Okay. So, the elasticity constrains against the mathematical.

Jon Opsal: You expect in the far fields spherical waves coming out, so it seems
like a good choice. It's a matter of properly determining the coefficient.
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AN APPLICATION OF PADE APPROXIMANTS
TO ELASTIC WAVE SCATTERING

J. E. Gubernatis
Theoretical Division

Los Alamos Scientific Laboratory
Los Alamos, NM 87545

ABSTRACT

Several Pad6 methods were used to try to accelerate the convergence of partial wave sums for scatter-
ing amplitudes. A specific test problem of longitudinal-to-longitudinal scattering from a spherical void
was studied in detail. Results for this test case and the behavior of partial wave amplitudes for general
cases are presented and discussed.

INTRODUCTION converges to some required accuracy, e.g.

Recently, numerical procedures,1
-4 

based on ALAL_ ALl (3)
the method of eigenfunctions expansions, were

devised to calculate the scattering of an elastic where is a relative error criterion. The object
wave from a flaw. If the shape of the flaw is axi- of present investigation is to take unconverged
ally symmetric, then these procedures are efficient, information and mathematically extrapolate it to
accurate and easily implemented. Their implementa- approximate A(-,:) to required accuracy. To do
tion requires only a computer of modest memory; this, various approximations theories, classified
their coding, standard numerical techniques; and

the xectio ofthe ode smll mouns o copu- as Pad Approximants, were studied and used on a
the execution of the code, small amounts of compu- specific test problem. This problem was the calcu-
ter time. However, if the flaw is generally shaped, lation of longitudinal-to-longitudinal scattering
practical concerns impede their implementation, aof a plna-ho-l.ni i ForttisThepricipl ipedmen isthenee tocomute of a plane wave from a spherical cavity. For thisThe principal impediment is the need to compute problem the exact scattering lmplitude has a

and store more information. In general, the com- srole te eat exansinh
puting time and storage requirements are at least simple partial wave expansion,
an order of magnitude greater. Simply using a big-
ger, faster computer is generally inadequate; a A(.) a P (cos (4)
computer system with "virtual" memory (or very fast
discs) and more sophisticated coding techniques are
needed. Furthermore, the calculation becomes expen- where the P (cos are Legendre polynomials and

the partial wave amplitudes a. are known in terms

The present investigation sought a method to of simple, analytic expressions. The partial sums

permit the use of the eigenfunction expansion tech- L
niques for generally-shaped flaws without the need A a P (cos (5)
of bigger, faster computers and more sophisticated L -o
coding techniques and still permit an inexpensive
calculation. Simply stated, a method was sought e
that would take whatever information the eigen- werealy computed to a relative error of

function expansion techniques could practically 10-

yield and then extrapolate this information into an The initial Pad6 .pproximants studiedaccurate scattering result. TeiiilPd poiat tde e
ones recently developed in nuclear physics.

In detail, one wants to calculate a scattering They are very successful for accelerating the con-

amplitude. The exact scattering amplitude A is a vergence partial sums (4) for the scattering from

complex number which in terms of a partial-wave large classes of long and short-ranged potential.

eigenfunction expansion is These techniques are generalizable to two variable
partial wave sums, i.e. (2).

A(', I = I a _Y_(_______ AD
Aa, Y PAP APPROXIMANTS

,=O M=-, The Pad6 Ap roximant. 13 
The [M/N] Pad ,pproximant

.he,': the a,m are partial wave scattering amplitudes, to a function F v is
Y.m are spherical harmonics, and - and : are scat-
tering ang'es. The eigenfunction expansion tech- F[M/N]IxJ p
niques give the am, and the object of these tech-

niques is to compute enough a;m so the sequence of
partial sums for A(,,:), i.e. where PM(x) is a polynomial of degree at most M

L . and QN(x) is a polynomial of de jree at most N. If

A L E a.my(,) (2) F(x) has the formal power series expansion
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awith the generating function K(x,u) to be specified.FiX) : ~ (7) For example, if K(x,u) = (1 - 2xu + u)

Z=U

and PM(x) and are G(x) = 0 gZP (x) (14)
QN~x) Z=O

PMx) = PO 
+ 
Pi

x 
+ 

+ 
PM

x
M (8a) where Pk(x) is the Legendre polynomial. The

[M+J/M] generalized Pad6 Approximant to G(x) is

QN(x) = 1 + q x + ... + qN
xN  

(8b) J M

Then the equation G[M+J/M](x) = EP .kj(x) + E K(x,u.) (15)j=0 j=l

QN(x)F(x) - PM(x) = O(x 
M +N+ ) (9) with the j-summation absent if J -1. The nj, ai

and uj are to be specified. When the generating

completely and uniquely determines the M+l coeffi- function for Legendre polynomials is used for

cients of P (x) and N coefficient of QN(x) in terms K(x,u), the generalized approximants are called

of the firsY M+N+l coefficients of the power series Legendre-PadO Approximants.
6

expansion of F(x). Specifically, one carries out One way to specify the b, j, and u3 is with
the implied power series multiplications in (9), ne wa to cify the h oma1 serues

equates terms of like powers of x, and then solves the in (12) to create the rma series

an M+N+l set of linear algebraic equations for the
p's and q's in terms of the f's. F(x) =I gzxZ

Padds have numerous uses, but their use in Z=0

summing series is of immediate interest. In this and then construct F [M+J/M](x) It then can be
use, one takes the first M+N+l coefficients in a shown that
partial sum to

M+N M

FM+N fx (10) E + . , , 1, ... J (16a)

computes various sequences of Pad~s, and examines and

their convergence. For certain classes of func- M
tions the Pad~s must converge to the correct answer. =.b
For many other classeof functions for which con- gZ = j 4 R J+l, J+2 ... , 2M+j (16b)

vergence proofs are absent experience shows that if =

the Pad*- converge, they converge to the correct That is, the Bi, ojuand uj are unknowns in a non-
answer. linear system of equations with the known con-

It is helpful to be mindful that in the con- stants gk. Mere conveniently, it can also beIt i hepfu tobe indul hatin he on- show tht iU_ and (x/u. are the poles and residues
struction of (6) only the coefficients of a partial ofwFth/t u3) and ci/ re he pes and resiesofia 'FM/Nj( x)j t 3 e coefficients in the seriessum of the infinite series in (7) is used. However, expansion of FLM+J/M (x) as x - . All these
(6) has the formal power series expansion pninoquantities (the poles, residues, etc.) are easily

obtained by simple numerical analysis. The gener-

F[M/N](x) = f[M/N]x' (11) alized approximant (15) has the property that
G[M+ZJ/M(x) 

= . gM+J/MOkix) 
(17)

and it is easy to show the first M+N+ coefficients = Z

of this series equal the first M+N+l coefficients
of (7). The higher order coefficients in (11) with the first 2M+J+l terms identical to the first
approximate the higher order coefficientL in (7). such terms in (12). Again, the Pad6 Approximant
With respect to (7) these higher order coefficients has taken the coefficients in a partial sum and
were not used to construct (6). This is useful if returned them plus an approximation for the remain-
the higher order terms are unknown, slowly con- ing coefficients of the actual infinite sum.
vergent, or too expensive to calculate. The idea 13
is to get the Pad to approximate them for us. n-Point PadM Approximants. If a function F(x)

13 has the values Fl, F2 . .. Fn at xl, x2 . . xn
Generalized Pad6 Approximants. The generalized then the n-Point [M/N) Pad4 Approx mant (or the
Pad6 Approximant (or Baker-Gammel Approximants) Lagrange interpolation polynomials) is the ratio
apply to functions G(x) which have the representa- of two polynomials of degree at most M and N
tion G(x) = 0 g~k (x) (12) F[M/NJ(x) p (18)

where so that

k9(x) K [ (xu)I  (13) F[MIN](xi) = FI, i 1, 2. n (l1)
(u=O
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(PM and QN are defined as in (8).) 50.C . . I '

Of mediate interest is the 1-Point (or A AA
Punctua'

) 
Pad6 Approximant. This approximation

applies to the sum

and its partial sums.
10.0- w a

BL E b z (21)
5.0A

Now if one considers the formal power series

F(x) - b x (22)
-0

then B = F(1). TlV1-Point [M/N] Pad6 Approximant A
tM(2 ), i.e. BLMiiJ, is constructed by forming 2 0 ko =I
FL /NJ(x) for (21) (i.e. find the p's and q's) and 0 v ko = 5
equating A koa =O

M / N 1.0
B[M/N] = F[M/N]Il) Z (1 +E qn) (23)

m=O n=l

The approximants B 
[
M/N] are equivalent to Shanks's

14  0.5 0 0

formal generalization of Aicken's extrapolation .

formula. This approximation is applied to partial A
wave sums by defining A

by = a, P,(cos 6) (24)

RESULTS

To achieve the same degree of accuracy, the
various Pad methods used were found to need at 0.11
least as many partial wave coefficients as the 0 5 10 15

partial sums. The Pademethods investigated afford L
no computational advantage over directly summing Fij. I. Thp convergence of the forward scattrrinj
the series. differential cross-section as a function of L.

In Fig. 1 the magnitudes of the partial sum relative error, = 10-2. For smaller L val'Ce t,
(5) are plotted as a function of L. As a reminder, partial sums are bad approximations to the exact
the test problem is the longitudinal-to-longitudinal answer- fur larger L values the partial sum on-
scattering of a plane wave from a spherical cavity; verges rapidly. The sums achieve a ( 10

-I
1

A(e) is the scattered amplitude; a is the radius of for Lz8, 17 and 25 when ka 1 1, 5 and 10.
the sphere; and k is the incident and scattered
wavenumber. (For the partial sum AL, L+l coeffi- The Pad6 methods behave similarly: Conver-
cients are needed.) Figure 1 shows that for genue starts abrup'Iy and then proceeds rapidly.
different values of ka the partial sums behave This behavior is listed in Tables I, I1 and III for
similarly. Each sequence rises monotonically to a ka = 1, 5 and 10. (The [M/N] need M.NvI (oeff)-
plateau. For each ka, there is a particular L cients.) Except for [M-IIM] all sequence, [N/M]
which marks the beginning of the plateau (L=2, 5, for N - M and a given method behave a,, tho e listed.
and 10). For these L's the partial sum has a

Ta-bTe.- h-he-Ton~g-tdinal disfferentiac cirss--s ec-on-at
-  

-d-fU Va- an _T -fkoa r hrev-_ d-6, --
%Equ, es. of. the I - Po int 1 Leaendre a nd Asymtotic Le.4endre Pad Ap)prov imants.

I-POINT IEGENDRE ASYMPTOIIr LIGINDP

14 [M-IIM] EM/Mi [MI/M] [M-I/M] [M/MI [M+I/M] [M-I/M] [M/M] [M4I/M]
I U.0H14 0.5021 0.5705 0.3814 0.50?l 0.5705 0.4440 .51o 0.5570
2 0.5492 0.5517 0.5333 0.5492 0.5517 0.5533 0.55601 0.5533 0.55l3
3 0.5536 0.5533 0.5533 0.5536 0.5533 0.5533 3.5533 0.5533 C 55"3
4 0.5533 0.5533 0.5533 0.5533 0.5531 0.5533 0.5513 0.5531 0.5,31



Table II. The longitudinal differential cross-section at O and ka 5 for three diagonal
sequences of the l-Point, Leendre and Asym-totic Lejendre Pad6 Aproximants. . . ---.

1-POINT LEGENDRE ASYMPTOTIC LEGENDRE

M [M-1/M] [M/M] [M+1/M] [M-i/M] [M/M] [M+I/M] [M-I/M] [M/M] [M+1I/M]
1 0.0077 0.1447 1.4000 0.0077 0.1447 0.3648 0.1850 0.4060 7.4391
2 0.0283 0.6727 8.7317 0.0104 0.1084 8.7317 5.8718 9.0476 12.5913
3 0.6091 2.4488 9.6990 0.1889 1.7738 9.6990 9.8046 9.3165 9.5915
4 14.1791 9.6471 9.6179 14.1791 9.6471 9.6179 9.5810 9.6143 9.6179
5 9.5925 9.6209 9.6179 9.5925 9.6209 9.6179 9.6178 9.6179 9.6179
6 9.6195 9.6179 9.6179 9.6195 9.6179 9.6179 9.6179 9.6179 9.6171
7 9.6179 9.6179 9.6179 9.6179 9.6179 9.6179 9.6179 9.6179 9.6179

furthermore, the behavior is essentially indepen- partial wave coefficients needed in a converged
dent of scattering angle. We note that for ka = 10 partial sum is quite different than the
the 1-Point and Legendre Pad6 methods need more asw:.Itotic behavior. The PadO methods might
coefficients than the partial sum to achieve be ineffective because of this. What was devised

10-12. is a new Pad ',method, the Asymtotic Leen9dre-Pa,14
Aproximant, ' which utilizes the asymptotic

In all cases the partial sums converge when behavior of the partial wave coefficients. The
L ka. To try to understand the behavior of these Pad- coefficients are forced to anticipate the
sums, the behavior of the coefficients a were correct asymptotic behavior so hopefully the
studied. In parti.ular, their behavior Yor convergence of predicted partial wave summation
, - ka was found.D For a spherical void and is accelerated.
inclusion

The Asymptotic Legendre-Pad6 can be construct-

i (ka
2 -2  

L -2 (5 ed in the following way: For the Legendre seriesa W. --l q.YjT-- C, ka)
2 ? 75

A0') - a P (cos ")

If one lets -0

d = a /c (26) instead of constructing the [MiJ/M] Legendre Pad6
f ron

then

d 1 (x) a
I , ,. , " I(27) -

(ka
2

d-l, construct it from

The left-hand side of the above is plotted in Fig.
2 as a function of .. From this figure one sees F(x) 

2
., dx'

that for ; = 8 and 17 (for ka = I and 5), the =0
ratio has approached its asymptotic limit.
Actually the limits are still several percent that is with the asymptotic behavior divided out.

away.) For ka = 10 the limit is not yet attained. (d. is given by (25) and (26).)
For lhese value', the t for the partial sums is After constructing the [M+J/M]
10

- .  
Pad., one has

Figure,. 1 and 2 and (25) suggest the following: F[M+J/M]( ) = d ,/5
Althoulh the partial wave coefficients eventuallyF._d,:O

fall Af very rapidly, this rapid fall-off (or

asymptotic behavior) occurs after the rapid con-
vergence of the partial sum. The behavior of the Then,

T-abe II. The longitudinal differential cross-section (it -' and ka - 10 for three diagonal

sequences of the I-o 'n t, Leaendre anid As yntot ic L eqendre Pad6 Approximan ts. :

1-POINT LGENDRE ASYMPTOTIC [ EG[NDRI

M [M-l/M] [M/MJ [M+lIM] [M-I/M] [M/M] [M+I/M] [M-I/M] [M/M] [M41/M]
1 0.0003 0.0291 0.2877 0.0003 0.0291 (.21177 0.03R? 0.?756 0.3414
7 0.0224 0.0942 0.4015 0.00P,1 0.0210 0.0541 0.3732 0.3488 0.36,7
3 0.0733 0.6031 1.5343 0.0335 0.1820 0.4131 3.6576 10.5304 ?5.q763
4 1.4516 1.3077 2.4237 0.367, 0.4141 0.6907 70.9788 31.8504 53.5'110
5 3.5562 4.3865 2.6270 3.936? 1.0873 0.7402 53.1786 41.1073 4P.3 :5,,
6 0.0879 2.2731 1.7432 0.03R5 0.7730 0.4011 49.3442 36.5396 it,.0059
7 0.9116 2.3716 76.5076 0.4305 1 .20 76,5076 16.0028 15 ., 35.8,N4
H 0.1463 24.119 35.899 0.0597 24.1183 35.8R99I9 .. 043 35.8518 35..51:'
9 48.5999 35.87( 35.8515 48.5999 35.8766 35.8515 35.8,51H 35.8518 35.11l19

10 35.8242 35.8517 35.8518 35.8242 35.8517 35.8511 35.1511 35.8518 35.810P.
11 35.8518 35.8518 35.8518 35.8518 35.85181 35.8543 35. 851,1 85.8 518 35.81 1P
12 35.8518 35.8516 35.85181 35.8518 35.8518 3'..8514 15.8518 35.R5111 R 5.151r'
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i16

* kal (31)I

* kol5 4R+l)' 2*1
Sko= 10 a --+I-IT) (ka(31

3 -- which does not fall off as rapidly as (25). For
the square-well potentiali

16

(ko)2 dt-I a, (ka) 2
i+ (32)

2 which is quite similar to (25). The partial sums
for square-well-type potential apparently converges
too fast for the Pad4 methods to be advantageous
over the partial sums.

The asymptotic behavior in (25) is apparently
not limited to spherical flaws. For generally-
shaped flaws, the Born approximation provides a
useful estimate of the asymitotic behavior of toe
partial wave coefficients. One has

0 5 0 15 20 25 A(,,) f dV e----- (33)
fflaw

Fig. 1. The convergence of the partial wave ampli- where k and k, are the scattered and incident wave
tudes to their arymptotic value as a function of L. vectors. Since
(See (27) in text.)

ik- r 4
i~/m M~j/M]P e 4- - (k rY k )YA M  /  a (cos) (29) ,k 3=-4

where then

a[M+J/M] d[ M+J / M] c (30) Aa,;) , amt ( (35)
0O m=-

(The analysis can be made more formal by specify- where
ing a '(x,u).) f

a,, dV. J;'(kr) Vj* (kR) (36)

The results of the application of the new flaw
wethod are also listed in Tables I, I and III
For ka - 1( (Table 111) this new method converges with V being the volume of the flaw and R some
fa:-ter than the 1-Point and Legendre-Pad6s; however, characteristic length of the flaw For . kR
the convergence is still no faster than the partial
suill. 

j (kR) . kR j- (37)
0ISCUSSION

Clearly, not all possible summation techniques Hence as
were studied and those studied were applied to a
Speci ific flaw shape. However, the 1-Point and (kR 2 )l1

Iigendre-Pad( Approximants are "state-of-the-art" a m ' r(2,+I)!!]:
for nuclear physics scattering problems. The
Asymptotic Legendre-PadO A:proximant, developed which is very similar to (25). Again the above
for this investigation, will probably advance the estimate and (25) i, independent of the flaw being
state-of-the-art. a void or inclu ,ion. One can easily convine one-

self that the finite volume of the flaw, not its
Why do the techniques work for nuclear homogeneity, is the significant fatLor for the

scattering and not for elastic wave scattering? rapid fall-off.
There is an important difference between the
Scattering problems studied in nuclear physics Equation (38) implies that the partial wave
and the problem studied here. For the problem expansion, even for generallY shaped objects, is
under discussion the flaw (or scatterer) is quite rapidly converPnt. However, que',tion is
modeled as a finite, homoge,ous region of space, not whether the suim converges, but how many terms
The Lorrespondinq scatterer in nuclear physics is are needed? Th, ioal wa', to produre an accurate
the square-well potential. This is a short- sum with no more than Ien terms.
ranged potential; however, the.short-ranged
potentials to which the Padg methods are being Just because the VadA te(hniques afford no
suctessfully applied are families of the Yukawa computational advantar;e when the flaw is spherical
potential. for the pure Yukawa potential, the does not Provo that Ih techniques will be a'.
asymptotic behavior of its partial wave amplitudes ineffective for non-'spherical flaws, What is

3 31



needed is a clearer picture how the partial wave
sums behave for non-spherical flaws. There are
few studies of the convergence properties of the
eigenfunction expansion method. There is some
indication that for a spheroidal flaw the partial
sums behave at least differently; furthermore,
different implementations of the eigenfunction
expansion method may c nverge differently.
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SU MMARY DISCUSSION

(James GO' ernatis)

Jim Krumhansl (Cornell University): Let me see if I understand. In other words,
this was an exploration of certain theoretical methods to find out how efficient
they might be in the elastic wave calculations using partial wave expansions?

Jim Gubernatis: Yes, but it was just a test problem, and I can't infer too much
more beyond the test problem.

##

340



ELASTIC WAVE SCATTERING BY GENERAL SHAPED DEFECTS: THE DISTORTED WAVE BORN APPROXIMATION

E. Domany,
a K.E. Newman and S. Teiteib

Department of Physics, University of Washington
Seattle, Washington 98195

ABSTRACT

An approximate theory for scattering of elastic wave by general shaped defects has been developed.
A defect of arbitrary shape can be represented by a sphere S and a remainder volume R. Using the exact
solution for a sphere and treating R as a perturbation, the solution corresponding to the Distorted Wave
Born Approximation is obtained. This solution contains non-trivial frequency dependence and phase infor-
mation. Preliminary comparisons with experiments will be presented.

where u is the solution to the scattering problem
INTRODUCTION by the sphere S, and gs(rr') is the associated

Green's function, that describes the i component of
Development of reliable approximation methods the response at r to a point-source force in the j

to elastic wave scattering by defects is an impor- direction at point r', in the presence of the sphere
tant part of NDE research. We have recently intro- S. 6C(6,) are the difference between the elas-
duced the Distorted Wave Born Approximation,' to tic tensors (densities) of the defect and the medium
study scattering by defects of quite general shape. in which it is embedded.
This method is expected to yield nontrivial phase
information and frequency dependence of the scat- The DWBA consists of replacing in the integrals
tered fields. Such information is of importance for of (1)5 the exact solution u. by the spherical solu-
development of inversion procedures, and for selec- tion u*, i.e.,
ting an optimal set of measurements needed to char-
acterize the defect. DWBAr= S + 2 2 S S

The relative advantages of the DWBA were pre- R
sented in a previous communication,1 where the basic
definitions and formulae were also given. In what - Sfollows we present a brief summary of the formalism - 6C drg (rr')u (r) (2)

and proceed to the new, final results. R
THE DISTORTED WAVE BORN APPROXIMATION-- The solution us is known2 and can be evalugted nu-

REVIEW OF FORMALISM merically. However the Green's function g is not
known; only one component has been explicitly eval-

The DWBA starts by representing a general uated, and the resulting expressions are rather com-
shaped defect R as a spherical reqion S and a re- plex. 3 Therefore last year we studied an inter-
mainder R (see Fig. 1). The exact solution of the mediate approximation, obtained by replacing qS in
scattering equation satisfies the integral equation1  (2) by the infinite Green's function. This approxi-

mation is one of a hierarchy of approximations that
u(r) S (r) + 6p,, 2drgS (rr')u (r') are discussed below. The main prob em in obtaining
i i ' im' m the DWBA is twofold: to evaluate g and to set up

R the numerical procedure to calculate the integrals.

f ,S ,(rr')u (r') THE SPHERICAL GREEN'S FUNCTION
- jklm d'. gij,k, ',m'

R To evaluate g, (r,r') we use the principles of
superposition and rhciprucity.' Our method yields
the function for r - *r, which is precisely the one
needed in (2), since the point of observation, r, is
assumed to be at infinity for calculation of scat-
tering amplitudes and cross sections.

First note that if the infinite medium Green's
function qg)(r',r) can be expanded in terms of plane
waves,

and a f dkA (r.kA)u W~r )

Fig. 1. The defect R is represented as a sphere S where ui(r',k, ) are plane wave solutions of the
and a "remainder" volume R. (homogeneous medium) wave equation, the sphericalGreen's functicon will be oiven by

,a) Addres, 3fter Septemuer l';79: Departmento Electrenis,Wei7mAn Irstituteof Science, Rehovot, Israel
(b) Perwanent address: Department of Physics, Corneil University. Ithaca, New York
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S ,gij (r ,r) : dkA(r,k, )uS(r',kA) (4) ij(a,b) gji(b,a) (12)13 3 31

S to get

where ui(r ,k,x) is the solution of the scattering
problem by a sphere, of the incident plane wave
uQ(r ,kx). (The index A stands for the various S _ 2 _ ie( )r1 9.ir-,r ) = -L- e^ (A)
possible polarizations.) Therefore, once the expan- gi r_,r2Aj 4r-
sion coefficients Aj(rk,x) are known, the spherical
Green's function can be constructed, in principle, S
by superposition of solutions for the incident plane ui(_ ,-y()r,x) (13)

wave scattering problem. In general it is not triv-
ial to find the Ai(r k.) needed to expand THE DISTORTED WAVE BORN APPROXIMATION--
qj(r',r), however, when the "source" position r * FAR FIELD AMPLITUDES
*=r, the expansion for the A. is simple. To see
this, note In the far field limit, the scattered wave has

2 0 .( r8 2r ) e ~ 2 i R i 6 R ) t h e f o r m

~~,I g.1 .AKD-~- 5WBA iI r
4, 3- , R - 1,,j R _5 = 1 A()e /r (14)

with R = Ir - r', a a/ari, and .2 :p2/(+2p),
I"=w,/1. In the limit r , -r, this expression The solution of the scattering problem by a sphere,

becomes u , has this asymptotic form, and by inspection of
Eq. (13), so dots the spherical Green's function,

2 0 2 eidr - and therefore, u
DWBA .

4 , .gij(r',r) r -- e (6iJ - r i To obtain closed form expressions for L WBA, we

substitute (13) in Eq. (2). To make the notation

+ e-i  
' . . (6) uniform, we denote the scattered solution that cor-

r l j r~sponds to the physical incident wave as
u [r,-y(p)%0,Ao0 where -ro is the direction of inci-

Introducing now three unit vectors e , = 6, dence, and X0 the polarization of the incident wave.
el= = , this reads Substitution of (13) in (2) yields, for r -.

2g0 ,r' 'r ' ) 0 2 ei~r 2 2 + 3W3 *DBA(r-(o)s)
13 r' r66 + i 3 0)

r . ( 7

2 __ e
-i  r  

e e , (7)"
r j

This expression has the form (3), with only three + [ +(x) 2 ei2(x)r (15)
incident plane waves, 1 r 101 D 02 + 031

.O(rk,x) = eiY(x)rr' (8) ,here

needed to expand g0 . The coefficients A. can be = 4,r
read off as given by d m 0

R
AjrI~x 4- e  

ikr 2 SdS (,_(~,)U~,r_(oro

(rk,) e . --- k2 61k + (X)r , (9) D2 =-41,.dr'Um

where

((2) = y(3) U (0) D3 z - 2: Idr ik(r A

Finally, in this limit, the spherical Green's func- (16)
tion reads

i()rr 
r

with

4rpwgi (r ,r.-r) ui) , y( 1 ()r,x) u.

and

where ui(r' ,- ()r, ) is the solution for scatter-
ing by a sphere of a plane wave with polarization [, 1
wavevector y( ), incident in the -r direction, eval- jk = 2luk
uated at point r'. Note that the constants D depeno on the incident and

Inspecting Eq. (2) we note that in order to scattered diections r, and r, as well as on the

evaluate uDWBA(r) in the far field, i.e., r ., we polarizations of the incioent and scattered fields.

need gS with the point of-pbservatio at . To oh- and
tain this function, we use reciprocity, eq.
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We have numerically evaluated the longitudinal For the s Ko or comparison, we also snow thescattered fields for incident longitudinal waves, results of the intermediate approximation (i.e., g
For this proolem only the ' = ' component enters, replaced by g in Eq. t2)).
and therefore, only the spherical solutons for an
incident longitudinal wave are needed. The results of these checks are shown in Figs.

(2) - (8). In general, the DWBA rep-oduces fairlyThe lesults are given below, well the exact results for the frequenc and angular
dependence of both power and phase. For the larpe

RESULTS perturbation a2/a, = 2, the OWBA breaks down, fu. -2
in Ti, at around ka , 3.5. However, for a,/a1 = 1.

We first performed various checks on our proce- the OWBA is good, even for a strong scatterer like
oure. In particular, we used gS in the exact inte- cavity, for a wide range of ka.
gral equation (1). For the case where the defect R
is a sphere of radius a2 , represented as a sphere of 2

radius a, < a2 and a remainder volume, the exact
solution inside R can be calculated, inserted in
(1), and the result is compared with the far field o
solution for R. We obtained agreement, with accur-
acy that characterizes our numerical integration -
proceaure (.1%). Next, we turned to study the ac- -2
curacy of the DWBA, by calculating the scattered
field from a sphere R using (15)-(16). This was
done for Al spneres in Ti and for cavities in Ti 0
the iatios of the radii of the actual sphere R and _ -- - INNER SPHERE. . . INTERMECIATE DWBA
the inner sphere S was a/a, = 1.2 and aI/a, = 2. -INE.E T FULL WBA
Note that in the former case the volume perturba- OULL SWERtiun" is k/S ' 70%, while for a,/a, = 2 it is IS 

=
-6 OUTER SPHERE

0 40 eo 120 1602 SCATTERED ANGLE

I Fig. 4. Spherical cavity in Ti: Longitudinal wave,

log (power) versus e for ka .6 and ratio
0 _ -_- of radii of 6/5.

-I

3 -2
-2 o

0
_j -4

-5 FULL DWBA C N
OUTER SPHERE -2

o-3 V
0-7 
-I 2 3 4 -

KA . . INTERNIEDIATE DWBA
- FULL DWBAFig. 2. Spherical cavity in Ti: Longitudinal back- OUTER SPHERE

scattered wave, log (power) versus ka for a -6
ratio of radii of 6/5. -7 : I 4

60 KA

20- Fig. 5. Al sphere in Ti: Longitudinal backscatter-

-20 ed wave, log (power) versus ka for a ratio
of radii of 2.

-60 340 1 1

I300 --- INTERMEDIATE OwBA

-14C" _60- -- -- --- FULL OWBA I,
OUTER SPHERE II

_180- 220
t

Z 1801-I.
-20- FULL OWBA 45

-26.0- OUTER SPHERE Ln 140 /

-30 . . 100
o i 2 3 4

KA so-

I Irig. 3. Spherical cavity in Ti: Longitudinal back- 20 It
scattered wave, phase angle versus ka for a -0
ratio of radii of 6/5. 0,0 2 3 4

KA
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Fig. 6. Al sphere in Ti: Longitudinal backscatter-
ed wave, phase angle versus ka for a ratio
of radii of 2.

2 ---- __ --- T -,

I -. INNER SPHERE
IN1ERMEDIATE DWBA

0----- FULL OOWEA
-OU1ER SPHERE

It -2

a ~ /e3  '

- - Fig. 9. Bubble defect: Direction of incidence is

-6 denoted by o0.

L L0LA 0
40 80 120 160 "

SCATTERED ANGLE u'- " - -,

Fig. 7. Al sphere in Ti: Longitudinal wave, log -

(power) versus 0 for ka 1 and ratio of
radii of 2. --1.5

180-20

140-

IOO0- 2.5-

60 -0 - -... SPHERE
SPHERE + BUBBLE

-20 - -4 _3_ _ ___

-40__L- 1 40 I 2 3 4

-60 . INNER SPHERE KA

--- .-INTERMEDIATE DWBA Fig. 10. Bubble defect in Ti: Longitudinal back-
-- FULL DWBA scattered power, log (power) versus ka for

- - OUTER SPHERE shadowed incidence, no 0.

-180

0 40 80 120 160 -0 - -

SCATTERED ANGLE ' '-

Fig. 8. Al sphere in Ti: Longitudinal wave, phase -1.0
angle versus o for ka = 1 and ratio of
radii of 2. -1.-

Next, we turn to study a nonspherical defect, -2c
shown in Fig. (9). The defect is a spherical cavity o 1
of diameter 800w, to which a hemisphere cavity of 0-25-
6iameter 400p has been added. We will refer to the
liemisphere as the "bubble"; it represents a devia- -30-
tion of size b from a simple shaped smooth cavity of SPHERE
characteristic size a. The questions we addressed -3.5 - SPHERE +BUBBLE
are the following:

0 I 2 3 4
(1) At what frequencies (e.g., values of kb) is KA

the bubble observable? Fig. 11. Bubble defect in Ti: Longitudinal back-

(2) At what angles of incidence and scattering scattered wave, lo (power) versus ka for

is its effect most pronounced? incidence direction no 
= 90.

lhe frequency spectrum is modulated with about
To answer these questions,we present, first, the same periodicity as that of a sphere, but a

Figs. (10) - (12), which show the backscattered -iodulation with longer periodicity (in k) is super-

power vs. ka for three incident directions. These imposed. While for the sphere the first three peaks
figures compare the scattering by the large sphere are of approximately equal amplitude, with the

to that of the nonspherical defect. We find that bubble present the amplitudes decrease in magnitude
experimentally observable differences (i.e., ,.3db) (for the first three peaks).
show up when ka 1 1.5 i.e., kb % .75). We also note
that the largest deviation is obtained for o 

= 1800 Turning now to angular distribution of power

(see Fig. 12), i.e., when the bubble is directly the sequence of Figs. 13-15 shows polar plots of
illuminated. .'wer vs. scattering angle for three directions of

inciden' 
;, nd ka values of I and 2.
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0-- - v - - --- r - of the bubble. Figs. 15 and 16 show this effect in
particular, the results of Fig. 16, with incidence

-0.5 ,_ ._.., . , x  at go = ?9 and scatteri,. a, t = 1350 have been

- - verified experimentally.

-1.0

) -2.5

-3.0 ,

-SPHERE -Il-
-3.5 -- SPHERE+ BUBBLE;

I 2 3 4

KA
Fig. 12. Bubble defect in Ti: Longitudinal back-

scattered wave, loq (power) versus ka for
direct incidence, ao = 180.

- - - - SPHERE

- SPhERE BUBBLE

Fig. 15. Bubble defect in Ti: Longitudinal wave,
log (power) versus scattering angle o for
incident direction o, = 90, ka = 2; the
scattered direction is in the plane de-
fined by the incident direction and the
symmetry axis of the scatterer.

ko,2) a*I

- --- SPHERE

SPHERE + BUBBLE

Fig. 13. Bubble defect in Ti: Longitudinal wave,

log (power) versus o for shadowed inci-

dence, ka = 1,2.

----SP'HERESPHERE + BUBBLE

Fig. 16. bubble defect in Ti: Longitudinal wave,
,08 log (power) versus azimuthal angle q for

-f- -'---,incidencq direction o = 90, scattering
angle o = 135, and ka 1,2.

SUMMARY

The OWBA gives analytically simple forms for
the scattering of elastic waves by defects of quite
general shape. Our numerical studies indicate that
the approximation yields reliable frequency depen-

dence and phase information. Initial comparisons

---- SPHERE with experiment were most encouraging.
-SPHERE + BUBBLE We plan to extend this work to obtain the scat-

Fig. 14. Bubble defect in Ti: Longitudinal wave, tered shear waves, and to use the procedure to test
log (power) versus f) for direct incidence, inversion procedures6 and the concept ot defect rep-
ka = 1,2. resentation by effective ellipsoids.'

Again we note that the effect of the bubble is

observable at ka = 2, and not at ka = 1. Also, the ACKNOWLEDGMENTS
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SUMMARY DISCUSSION
(Eytan Domany)

John Richardson (Science Center)' When you talk about deviation from a sphere, is
it the original sphere you have drawn or slightly larger sphere that has the same
volume or something like that, the perturbed --

Eytan Domany: I just meant from the original sphere from which the sensor is attached.
That's what we compare.

Jim Krumhansl (Cornell University): If I were to intuitively extrapolate what you
say to the issue of whether some kind of join which was just bad glue and had
fl-,tuations on a scale, you know, like a tenth of the radius, I would really
have to go to the K equal 10 or something like that to find that.

Eytan Domany, If you characterize the deviation from the structure you want to look
at, which in this case would be the small ripples, as having the characteristic
length of B, then KB should be about one. That's the right measure. I think
the thing that should be done is to extend the comparison experiment to see
whether the phase angle you can get out of this is borne out by the approximate
theory.

Jim Rose (University of Michigan): Your perturbation seems to be delta DOD, or a
change in volume. Does that mean for small changes in volume you can do sharp
corners or that kind of thing?

Eytan Domany, That's a good question. The question is what do you mean by "can do"?
You can do anything with born approximations. I can fully transform this micro-
phone. The question is when you do that whether it makes any sense. So, in the
same way here, one has to integrate a deviation from the sphere, so you have to
have sharp corners just to integrate, or a volume that has sharp corners.
Now, the physics of sharp corners is mainly, as I understand it, singularities
in the ray of physical sphere near those sharp corners. Those will not be picked
up by this method. What you will pick up is that you take some smooth field and
you integrate it over an object that has sharp corners. As far as that effect
goes, it will be in there. But the real physics of physical displacement and
stray field, which is singular as a result of having those sharp corners, that's
not going to be in there. And I sort of feel if it's not going to be in any of
the approximations that have been discussed, I think that's moot. You're not
having either, because they're also, unless you view the singularity effect
that Bill was talking about. Did I answer your question?

Jim Roses You answered the question.
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ELASTIC WAVE SCATTERING BY ROUGH FLAUS AND CRACKS

V. V. and V. K. Varadan
Department of Engineering Mechanics

Ohio State University

Columbus, OH 43210

ABSTRACT

The scattering of elastic waves by three dimensional rough flaws and cracks is analyzed using the
T-matrix approach. The scattering cross section is obtained for spheroidal cavities with a periodically
corrugated surface which may be used as a model for flaws with a rough surface. The dependence of the
scattering cross section on the wavelength of the corrugations is studied as a function of the incident
wavelength. Cracks are modelled as degenerate oblate spheroids and the scattering cross section is ob-
tained for incident P-waves, Multiple scattering analysis of two cavities is also discussed with some
numerical results.

SCATTERING FROM ROUGH SPh:EROIDAL CAVITIFS

The Scattering from rough oblate spheroidal The parameters I and : describe the degree of
cavities is very important since they may be used roughness of the spheroidal cavity. Equation (2)
to serve as models for flaws found in structural has the same symmetry properties as the spheroidal
applications. Theoretical data obtained in such cavity if . is chosen properly, say, =4n,
analysis are very helpful in experimental verifi- n= 0,1,2 .... If this is so done, then the r -Matrix
cation as well as in the inverse problem of scat- and hence the T-matrix has the same symmetry pro-
tering. In this respect the T-matrix approach perties as well. This symmetry could be destroyed
is ideal since it is an efficient computational by multiplying the second term in Eq. (2) by a
scheme to obtain the frequency spectrum of the function of q. This will significantly complicate
scattered energy which is the quantity measured in the numerical computations since an additional
experiments. Any symmetry in the shape of the numerical integration on will have to be per-
scatterer can be used to optimize computer time. formed to generate the Q-matrix elements. In t'is
The computer program can also be written in a very problem, two parameters of interest are /a which
general manner so that the number of input para- is the ratio of the amplitude of roughness to size
meters are minimal and any variations in the shape of the spheroidal cavity and the ratio of 'r,
of the flaw can be easily incorporated into the see Fig. 1, to the wavelength of the incident wave.
program. Thus one could obtain scattering cross r is, of course, inversely proportional to
sections for spheroidal cavities with a periodical-
ly corrugated surface. Using Eq. (2), scattering cross sections were

obtained for compressional waves incident along
Plane monochromatic waves of frequency are the axis of revoluation ror several different

incident on a spheroidal cavity. The axis of angles of observation. Sample results are pre-
revolution of the cavity is taken as the z-axis and sented below as a function of the non-dimensional
a Cartesian coordinate system is defined in the wave number k a. For purposes of comparison the
usual way. The dimensions of the spheroid are scattering crgss section of a smooth spheroidal
taken to be '2b' along the z-axis and "'a' in the cavity is also included. The ratio of wave speeds
x-y plane (see Fig. 1). In spherical nolar in the host material is taken as 2.0. Two sets
coordinates r, s, , the equation to the surface of parameters 0, ) are presented in the graphs,
of the spheroid is given by although many other values were also tried.

=( cos
2
o + sin 2) -112 In Figs. 2-6, P is the angln of observation

-b
2  

a
2  /) in the x-z plane, the differential scattering

cross section is plotted as a function of k~a.
The notation P-P is used for scattering of incident

A detailed desrription of T-matrix calcilations compressional waves to compressional waves and
for a spheroidal cavity is given in Ref. 1. P-S denotes mode converted scattering. In the
Detailed results have also been presented in the plots for rough cavities ,/a is taken to be 0.05.
1978 ARPA/ARML Rnview on QNDE

2
. For a comprehen- This parameter describes the relative heights of

sive report of the T-matrix approach, we refer to the corrugations with respect to the axis of the
the book edited by the investigators. smooth spheroid. The aspect ratio of the spheroid

is taken to be h/a = 0.8, so that it is oblate.
Wo now perturb the surface of the spheroidal The second parameter that we can vary is the

cavity by a periodic corrugation in the x-z plne, integer ' ' that gives the number of lobes. The
so that the equation to the surface is now given graphs show the scattering cross section for two
by values of '; 

= 
Ir and 64 in the range of

0 . . .12.
' b

2  
)- + / cos:, (2) From the present calculation we conclude the

following. (1) if /a , 0.05, then the scattering
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cross section is not too different from that for Two different approaches were tried to adapt
a smooth cavity for 0 -kra <3.0 at higher wave the T-matrix method to study penny-shaped cracks
numbers, it may be possible-to observe significant in eleastic materials: (1) using the regular
differences. (2) For 6/a <0.05, the scattering T-matrix program for a spheroidal cavity for very
cross section changes dramatically as we vary small values of b/a z 0.05 testing symmetry,
the parameter for a given 6/a. If the number unitary properties at all values of kpa to check
of lobes is very large, for example, k = 64, the for numerical stability (2) using special
scattering cross section for smooth and rough representations for the unknown displacement fiPld
cavities agree more or less. But if z decreases on the surface of the crack that incorporates the
as 6/a is increased,,then the scattering cross condition of zero crack opening displacement at
section is markedly different, as can be seen the crack edge (see, for example, Achenbach').
from the plots for z = 16. A sample calculation is shown in this

report for SH-waves for comparing this approach
We conclude that if £ is large, on the average with that of (1). A similar approach for 3-0

the scattered waves are not too affecte' by the problems was done and for the reasons described
roughness. Numerical results become quite un- below we do not see any additional advantage over
stable, however, if 3/a >0.05 and z is decreased, the procedure presented in step 1. The representa-
So that the conclusions for large 6/a and small tion should be such that it renders the Q-matrix
can be qualitative. If 6/a <0.05, Xr/Awave symmetric so that the matrix is well conditioned

<0.1 and for the range of kpa =0.1 to 3.0, then for inversion. This version is tested for small
we find that there is no significant difference values of b/a. The results agree with those
between scattering from smooth and rough spheroids. obtained by step 1. For an actual crack, one takes
The range we have considered corresponds to experi- b/a - 0 before numerical computations are performed.
ments in the MHz range with flaw size of the order We find that the result of steps I and 2 are not
of 300%. At these frequencies, we expect to have different, hence we prefer to use the technique
no resonance effects associated with the periodi- that is more efficient, convenient and economical.
city of the roughness. However, for higher wave The higgest advantage of using the regular computer
numbers, it may be possible to observe some programs for the oblate spheroidal cavity taking
significant difference. The accuracy of the an aspect ratio b/a = 0.05 is that we can use a
calculation was checked at each stage hy verifying well tested program and there is no need to develop
the symmetry and unitary properties of the scatter- any new algorithms.
ing matrix. The results presented here should be
checked by experiments. To obtain more noticeable The essential differences between the formu-
effects, i.e., for longer values of the rcughness lation for ellipses of finite aspect ratio and
parameters, other alternative methods such as strips that have aspect ratio identically zero is
finite elements may be tried. The investigators the ,ay in which we expand the unknown anti-plane
are pursuing along these lines as well. displacement field W+ on the surface of the flaw on

which stresses are prescribed to be zero. For
SCATTERING OF ELASTIC WAVES BY CRACKS cracks there is an additional requirement that the

displacement vanishes as .'t-<; /a2 at the crack tip
Last year we began to investigate whether the where the x-axis is parallel to the crack and 2a

T-matrix method is suitable for calculating the is the width of the crack. This is not necessary
scattering cross section of cracks in two dimen- for the ellipse of finite aspect ratio.
siors. Cracks are modelled as degernate ellipses
in two dimentions and three dimensional penny We choose cylindriral basis functions to expand
shaped cracks are realized by collapsing oblate the incident (W) and scattered (W-,) and surface
spheroids into circular discs. Last year we (W+) fields. W0 and W2 are expanded in the usual
derived systematic closed form expansions of the way.
T-matrix in powers of the non-dimensional wave 2
number 'ka' for arbitrary aspect ratio b/a. The WO(r,' ) a' Re ' (rf) (3)
expressions obtained for the far field scattered n=O .=l
amplitude agree with exact analytical results.,
On taking the limit of zero aspect ratio (b/a - 0), , 2
exact agreement was obtained for both strips w (r, ) Y? fnCn(r,n) (4)
and circular discs with published results. With ntC =ln
existing computer programs for elliptic cylinders
of finite aspect ratio, calculations for P- and where
SV- wave scattering for b/a = 0.08 - 0.1 show
close agreement with numerical results obtained I r,. Hn(kr) cos n;
by Tan s for special scattering geometries. .

The penny shaped crack is considered as the Rennr))sin n 2

limiting case of an oblate spheroid and we are RJ 0(kr)

interested in obtaining results for k a. 3.0 to (5)
complement the work of Achenback, et 9I." who ae
using Geometrical Theory of Diffraction (GTD). We
derived systematic closed form expansionrs of the
T-matrix in powers of the non-dimensionil wave
number k a for arbitrary aspect ratio b/a. On
taking t e limit of zero aspect ratio, exact
agreement was obtained for penny-shaped cracks with
the results published in the literature.'
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In Fq. 5, Hn and Jn are cylindrical liankel and and
Bessel functions and In is the Neumann factor. For
a plane monochromatic wave frequency . (wave 'um- nl
ber k = /c incident at an angle o,) to the x-axis. ,sam Qm mn (15)

W
0
(r a) ex Fk c'o The only troublesome integral in Eq. 14 occurs

w L i os(-0 (6) in the diagonal elements. The integration in
Eq. 14 is performed by expanding Hm and Jn in

and hence powers of klxI which reduces the integrals to
standard form and the result can be written as an
infinite sum truncated at a suitable value. 'low-

an / n cos no (7) ever when m = n, the leading term in Hm Jn is
n n 0 (kx)d which results in the following singular

integral

a i
n 

sin no (8)
a i-7-/a "-

l dx
For an ellipse of major and minor axes 2a and 2b, a j a d (l)
the equation to surface is given by

r(,2) = 
s  

n -1/2 The corresponding integral for the ellipse of
r() a (9) finite aspect ratio is of the form

21

In the usual formulation of the T-matrix, we obtain / -rd.
the following relations between an and fj [--- r, cosm ,d. (17)

0
- T'mn an (10)

on evaluating the integral in Eq. 17 exactly and
T Re Q(Q-) (11) then taking the limit of b/a 0 0, we find

The elements of matrix Q in Fq. 11 are given a
by integrals on the surface of the cavity. The f 'i_ /a
integrand of Qm involves H and Jn. It is seenJ dx _7 - mn (19)
that if m n, the integran' will involve negative -a 2
powers of r(0) which do not cause any difficulty
for the ellipse of finite aspect ratio. lowever,
for the crack r(o) , x! and the integration on x Using this value of the integral when m = n, the
is from 0 . x • 2a. Thus terms involving inverse Q- and T-matrix for the crack can he calculated
powers of x are apparently singular if the limit in the usual manner.
b/a - 0 is taken before integrating. The singular-
ity is only apparent since we can show that these Graphs of the scattering cross section are
apparent singularities are not present if the oresented as a function of ka for 0 = 45, 90
integration is performed first and then the limit rr "0 0 0, there is no scattering since the
taken. Thus it is advisable to construct a incident wave does not feel the presence of the
Q-matrix that is perfectly symmetric for ellipses crack. The results plotted in Figs. 7-9 are in
of arbitrary aspect ratio b/a, so that if b/a = 0, excellent agreement with existing results obtain-
we need evaluate numerically only matrix elements ed using Mathieu functions (11). These results
above the diagonal. were also checked with calculations for b/a = 0.05

and for the wavelengths considered, there is no
In addition to make W

+  
0 at the crack tip, difference between the results for b/a - 0.05

we choose and b/a = 0.

W+  
+(r 7)prj n 1 7)n Reon (12) In Figs. 10-15, the results for a penny

k r - n,, shaped crack are shown. Figures 10 and 11 are
polar plots of the scattered far field amplitude

We note that for P-waves incident along the symmetry axis.
The plots compare very well with t ose obtained

im Lr(SL) . , -by Mal (7). The syribol P-S denotes the scattered
b/a 0 r b (13) S-wave amplitude for incident P-waves. In

Figs. 12-15, the scattering cross section is pre-
In addition lq. 12 renders the Q-matix perfectly sented as a function of kpa for P-waves incident
symmetric and for cracks along the symmetry axis for various angles of

a - - observation dennted by . For the range of'mn I x- /a' )H Jn(k wavelengths consid red, for a crack of radius
mn b' k- - ) n xl)dx a', o , k a , 2.0, only one maximum can be

(14) observed in the cross section. It is hoped that
these results will compliment those obtained by
Achenbach and coworkers using GTD at higher values
Of kpa.
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T-MATRIX FORMULATION FOR TWO SCATTERERS The scattered fields are expanded as follows

Consider two scatterers described by the sur- uCr) = 1 (27)
faces S and S2 with outward drawn normals 1n In in

and n2 (See Fig. 16). 01 and 02 are the origins
of the coordinate systems centered in Sl and S2 ,  2 .2 (28
respectively, and 0 is the origin of the~coordi- u2(r) , in 2)(28
nate system exterior to Sl and S2 . Let dl and in
d2 be the vectors drawn from 0 to 01 and 0 to 02,
respectively. At any point with respect to where the field scattered by each obstacle is
0, the total field U is given by assumed to be outgoing with respect to the center

of that obstacle.
U(,r) = uo(;) + -(U (19)

The exciting field or the field incident on a
where 

us 
is the total scattered field at r ard 60 particular scatterer is the incident field 00

is the incident field. The scattered field u
s  

plus the field scattered by the remaining scatter-

can be represented as er. Thus
+) u(r2 + d2 ) (20) e(r) u°(r) + us(r2); 0-__I 2aI  )us(;) = -ul(rld) 2+ + 2) 1+ ) -r_ a (29)

where r and r are the vectors drawn from 01 to e .
02 to te poini under consideration and di and ' 2 u 1 + (3. .)

n t t r ul(r 2); O~rI2a2
are the fields scattered from Sl and S2 , respec-
tively. where a1 and a2 are the radii of the spheres cir-

cumscriing the two scatterers. The exciting
All the fields can be expanded in vector fields are expanded in terms of coefficients

spherical functions with respect to the various that are unknown since ul and u2 are undeter-
coordinate systems. The vector functions and mined as yet.
coefficients defined with respect to 01 and 02 e 1 1
are distinguished by superscripts 1 and 2. u T~r - alnRee 7nr (31)
respectively. We use the following ahhreviation in
for the vector spherical functions

. Tn ( : Tn() (2) u(r)= .a
2 

Re 
2

( )
2 n in n 2 (32 )

where T = 1 ,2,3 are same as the t, 9 and N func-
tions defined by Morese and Feshbach (9). If a Similarly, the incident field u

° 
in the

qualifier Re is used with the wavefunction, we vicinity of each scatterer can he expanded as
use spherical Bessel functions instead of spheri- * o2Re 

2

cal liankel functions. u°r) = a°Pe
, 

( 1 a ,•0 ; = n "n in 2 ( 3
in

Translation theorems have been given by I

Cruzan (10) to translate the wavefunctions from From Eqs. (27) - (32), we obtain the followiny
one coordinate system to another. Thus, relation between the expansion coefficients

+1 Y P (a, Re r1  

1

Rejin(;l + l : =in n,'n ae1 "n rReln)l - anOlRe "n(r)

(22) in in

"' r1 d n 'al)Re2 n
" (34l

,,na(riR d ) :,R.1r); Lftn' n(r+ dl - d2  (34)
i n intT tn

id1 l , E1 Id I Irll (23) 2  Re4 rao2Re

E Inenr 2 n n(2)

rn(r 1 + i) p Rnn(a 1  .. (rl); in in

!all Irl la - I (24) Ef"".n( 1 , a2 f 1l) (35)
in

The translation matrices have the following pro- Further, from the definition of the T-matrix for
perties each scatterer

R(d) Reo(d) (25) fIn = Y Tm 1 , a (36)n =  
T n, n" in"

Rt( 1*) P(-d) (26) 'n'
f2 z , n ,,2 ' (37)

Explicit expressions for R and 7 may be found in f
2
n  T 

2  
n '

convenient form in a report 
by Bdstrom (11). 

Tn

The matrix elements are given in terms of the
spherical Bessel and Hankel functions, the Using the translation theores and imposing the

associated Legendre polynomials and the Wigner rgstrlction that Id .t1 in Eq. (34) and

3-j symbols. dl-d ' I2 ,w obtain from Cqs.

13 )-37) in matrix notation
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fl = T1 aO 1 o(62 . I ) f21 (38) The authors wish to thank Dr. Bo Peterson
for computations on the scattering fror two

2 T2[aO2 - d2)fl]  (39) spheroidal cavities.f T= + o(dI  • ~ . (9
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SUMMARY DISCUSSION
(V. V. Varadan)

Laszlo Adler (University of Tennessee)i For the spherical cases where you looked at

surface roughness, did you work out the problem for the 12S scattering also?

V. Varadans F2S? Yes. I didn't show that --

Laszlo Adler# A bigger variation?

V. Varadant Yes, there is a variation. I can show you one thing. For example, if I
plot the cross section as a function of the number of nodes, for example. In
that case, if I go 16 lobes from zero to FI over 2, in this case, from here to
there. 16 lobes, and go more than that. I don't see any variation at all in the
crack cross section because of roughness. But where P2S is a little higher than
that, there is no resonance associated with that, you take just the number of
lobes. For example, if you take the number of lobes below 16, and using a
ferrometer solution, probably you may be able to get some information which we
are talking on. So, at this moment I can't tell you about what would happen with
P2S scattering where the lobes are less than 16. But when the lobes are more
than 16 there is no difference in the smooth and the rough surface.

358



MEASUREMENTS OF ULTRASONIC SCATTERING FROM
BULK FLAWS OF COMPLEX SHAPE

B.R. Tittmann, R. Elsley. N. Paton
Rockwell InLrnational Science Center

Thousand Oaks. CA 91360

ABSTRACT

The report summarizes the design and early results of scattering experiments on flaws of complex
shape. In close collaboration with the var theoretical groups representing different inversion
algorithms, a unique set of diffusion bondea s.,,,ples have been designed. These samples contain a
variety of irregular and multiple flaws whose scattering characteristics will be obtained in order to
guide and evaluate developments of theoretical approaches and test specific theoretical predictions.
The majority of these samples have been received and the measurements have begun. Results on selected
samples are presented and compared with scattering from ellipsoidal voids. The measurements will
include angular, frequency and time domain variations of the scattered signals made possible with a new
ultrasonic data acquisition system.

INTRODUCTION

SAMPLE No 69

The objective of this task is to predict the
fatigue life of a metallic component containing a
defect in its interior, by ultrasonic nondes-
tructive evaluation. We report on progress on
data acquisition for testing inversion algorithms. 3 mmDOAMETER CRACK (YTTRIAI

(ACTUAL 2.86 nm)
the preparations of new diffusion bonded samples.
and the characteristics of spherical voids with
small perturbations.

DESIGN AND PREPARATION OF NEW
TRAILER-HITCH SAMPLES

Earlier phases of this program were concerned
with the development of methods for producing
flaws of known size. shape and location for use as
ultrasonic reference standards. A range of defect
sizes and shapes for which theoretical solutions
for the scattering of incident ultrasonic energy
is available have been produced. In addition, a
number of defect geometries such as fatigue
cracks' and crack-like defects in diffusion bonded
samples were also prepared. Previous work has
emphasized rather simple internal voids and in-
Llusions such as spherical defects and prolate or
oblate spheriods. The new effort places more em-
phasis on modifications of these basis defect
types and on rather more realistic flaws such as4(tual fatigue cracks. multiple defects and regu-
•ar *ifects such as prolate spheriods. but with Fig. I Sample No. 69.
)-trolld surface roughness such as might be
-.- I - a realistic flaw. three-dimensional view of the lower half of the

trailer hitch, a more detailed view of the defect
%.w .4pps produced during the current year's with design dimensions, and a micrograph of the

-j.a 4.. 'isted in the Sample Inventory in actual defect after machining, but before bonding.
-if those samples produced under the Sample No. 69 is a simple circular 3 mm-diameter

--po ,, Av rven listed in Table 1. Samples crack-like defect produced by inserting a thin
., 4 %,1. t are described in previous layer of yttria in the bonding plane before the

-. ,. -~ ~P'loam. Drawings for samples bonding operation. This sample and all other
I 4- ontained in Figs. 1-9. The samples through Serial No. 74 are machined to a

, live only a general des- spherical shape as was done previously in order to
- * pp. and a precise permit acoustic scattering experiments over a wide
w-,,-1 coo the apprupriate range of angles in three dimensions. Sample No.

o'', %h three views, a 70 contains two overlapping spheres, the purpose
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Fig. 4 Sample No. 72.
SAMPLE No 71
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Fi.3 Sample No. 71.-

of this geometry being to test the applicability Fig. 5 Sample No. 73.

of summation procedures In the theoretical work.Sample No. 71 contains a single 400(h radius void spherical sample, while sample No. 73 contains an

surrounded by a 200% wide simulated yttria crack overlapping sphere and a modified prolate spheriod
in the form of a "Saturn" ring. This geometry of the form shown in the drawing. Sample No. 74
simulates a crack initiating out of an internal contains a rough oblate spheriod to simulate a
void and Is probably as close to a realistic void with a realistic internal roughness to study
defect causing a crack in an actual material as the interaction of this rough surface with a
can be produced by the sample preparation pro- ultrasound of various frequencies. The surface of
cedures used in this study. Sample No. 72 is a the oblate spheroid was roughened mechanically
simulated elliptical crack in the interior of a prior to the bonding operation. Samples 75-87
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SAMPLEN 95
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Fig. 7 Sample No. 95. Fig. 9 Sample No. 97.

have been described in a previous report and are spheres, both with 400p with 1200u between cen-
basically 2 1/4-inch diameter. 1/2-inch high ex- ters. Sample No. 96 also contains two spheres. on
perimental samples for studying various means of a 400 radius, the other a 600u radius with a
producing internal defects in diffusion bonded center-to-center separation of 1400u. Sample No.
samples. Samples 88-94 are 4-inch diameter blanks 97 contains a 6.35 mm sphere with pronounced ma-
used to produce the ultrasonic test standards for chining grooves, sample No. 99 is a spare, while
the test-bed program, and are described more fully sample No. 98 is a 4-inch diameter. 1-inch high
elsewhere in this report.2  specimen with a simulated fatigue crack 3 mm di-

ameter produced internally by a spark erosion
Sample No. 95 is a 2 1/4-inch diameter. 3 method. The manner in which this simulated fa-

11/16-inch high sample, again with spherical ex- tigue crack surface was produced is worth des-
ternal geometry, and contains two separated cribing in detail since it Is somewhat complex. A
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fatigue fracture surface produced by a fatigue methods which have been described in detail in
crack growth at high AK in a pure titanium speci- previous reports.

3

men was used as a model fatigue crack surface. A
3 mm diameter disc was then cut from the Ti speci- Table 1
men and placed into a suitably cut recess in one Sample Inventory
of the specimen halves. The opposite face was

left smooth and the two specimens bonded together
to form an internal fatigue crack-like surface. Serial Code Height Diameter Date HeatNo. (in) (in) Treatment

The last sample produced in the current series (Heat No.)

is illustrated in Fig. 10 and consists of a spec- 69 5-30-64 3-11/16 2-1/4 DB900C
men bonded together such that an internal defect (0/ 4B)
introduced at its center line was used to initiate (DGI8)

a fatigue crack laterally out from the diffusion 70 2-2-64 3-11/16 2-1/4 DBgOC

bond. By producing specimens in this manner, the 71 2-4-64 3-11/16 2-1/4

bond line was not in a fatigue crack plane and
therefore would not interrupt or perturb the crack 72 5-15E-64 3-11/16 2-1/4

propagation process. This sample is to be used in 73 2-4-64 3-11/16 2-1/4

some experiments to simultaneously study fatigue 74 3-4-64 3-11/16 2-114

crack growth while examining the crack using 88 4

ultrasonic methods of various kinds from the ex- 89 4

posed specimen surface. The grips used to load 90 4

the specimen enable access to both top and bottom 91 4

faces of the specimen, thus allowing the study of 92 4934
both transmitted and reflected waves during fa- 94 4

tigue cycling of the sample. The design of this 9 2-4-64 3-11/16 2-1/4 DBOOC

sample is described in detail in a later section. 9DG18

96 2-4-64 3-11/16 2-1/4 DB900C(0G18)

97 2-635-64 3-11/16 2-1/4
98 6-30-64 1 4 DB900C

(D-4705B)
99 * 1 4 (0-4705B)

100 6-63-64 5 3

*Blank

DESIGN OF A CENTRAL CRACK FATIGUE SPECIMEN

We have designed a dumbbell shaped specimen
DIAMETER which will be used to monitor ultrasonically the

growth of a central fatigue crack. Two Ti-6-4
plates, each with a 1/8 inch radius thumbnail EDM

_4-/ notch have been diffusion bonded together such
that the two semicircular notches will form a
circular starter notch (1/4 inch diameter). With

ELOX SLOT suitable grips, the specimen can be installed into
a 200,000 lbs electrohydraulic fatigue frame. The
grips have been designed in such a way that the
two end faces are accessible for placement of
transducers. Growth of the central crack under
fatigue conditions will be monitored in the pulse-
echo mode. It is also intended to perform tests
in which the signal scattered in the plane of the

Fig. 10. Sample No. 98. crack will be interrogated. For this purpose, a
receiver transducer will be mounted to the cylin-

In summary, as a necessary part of calibrating drical surface of the specimen.

and evaluating new NOE procedures and test equip- In the tension-tension fatigue loading the
ment. standard samples containing defects of known
size. shape and location, som of which simulate cyclic stress intensity range for this specimen is

real defects found in service, have been designed given by (1)

and fabricated under this portion of the program.
Rather than using the conventional flat-bottom K - 1.95 a(1)
hole. internal defects of accurately controlled

geometry have been produced by a diffusion bonding
method, since in general, scattering from internal where Aa a a - a n a is the instantaneous ra-
defects is more completely understood than scat- max m n
tering from surface defects. In the current year. ius of the central crack and Q - 0.5 for an

an attempt has been made to produce realistic aspect ratio of 0.5 (circular crack). For T#-6-4

defects of the type that might appear in service, the yield strength, o , of the material is a -
and fatigue cracks growing from internal voids is 130 Ksi. Using full load capacity of the faligue

frame the specimen can be cycled at o _a 200,000
a good example of this type of defect. Most of lbs/3.14 Cinches) 2 - 0.5y A load tio
the samples have been produced from Ti-6A1-4V by .
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min/ama = 0.08 will yield Aa - 26.5 KsiVflW from absolute arrival times of the flaw echos. In
wilt bevachieyed. For this stress intensity range conventional ultrasonic NDE. arrival time is used
a fatigue crack growth rate da/dN of about as an approximate measure of flaw location. In
2M inches/cycle is deduced from published data. that case it is not necessary to know the arrival
The growth of a fatigue crack will be continuously time (position) more accurately than about one
monitored in the pulse-echo mode. For varifica- diameter of the flaw. However. in the POFFIS
tion of the growth. "marker cycles" will be ap- algorithm, the position information directly
plied periodically. For AK > 20 Ks/in the growth affects the reconstructed shape and size of the
should occur according to the Paris equation (5) flaw. It is therefore necessary to know arrival

time (position) to a small fraction of the

da =AAK)m (2) diameter of the flaw.

In order to obtain absolute position infor-

mation for echos from the flaws in the spherical
with A 7.2 x 10

- 4 
and m = 3.15. Combining Eqs. ("trailer hitch") specimens, the following data

(1) and (2) and integration over the total growth were collected:
regime yields the remaining cycles to failure

1. The known shape of the surface of the
AN 2I specimen (in this case a sphere).

(m - 2)A(l.95Q-1/
2
Af)m a 2 2. The velocity of sound in the measurement

c x (3) directions in the specimen.
5 ma 3. The arrival time of the flaw waveform

with respect to the instant when the peak
of the incident sound pulse passed from

where K is the fracture toughness of the material the transducer into the specimen. For
(Kc = 4g-50 Ksi/fn). Since the Kc is not that normal incidence immersion measurements.
accurately known, we will actually determine Kc  this instant can be measured directly
from the critical flaw size from the received waveform, but for angle

Q 12
K )2 beam or (as in our case) contact measure-

ac 19 ) ments, it must be separately determined.

max The procedures used to obtain the absolute
arrival time and sound velocity measurements are

for our particular material and geometry. described below:
Equation (4) is a consequence of Eq. (3) for AB =
0. Arrival Time - Received ultrasonic waveforms are

usually timed with respect to a trigger pulse
DATA ACQUISITION TECHNIQUES FOR which is approximately coincident with the genera-
TESTING INVERSION ALGORITHMS tion of the transmitted sound pulse. In our appa-

ratus, which consists of a Parametrics 5052PR
Data has been collected on two samples, one Pulser/Receiver and a Biomation 8100 Transient

containing an 80Mu diameter spherical void and Recorder, time is measured with respect to an in-
another containing 8OW x 

4
00P oblate spheriod stant. 50 sample intervals before the trigger

(void) in accordance with the requirements for the pulse from the Parametrics crosses the trigger
POFFIS algorithm used by N. Bleistein and J. Cohen threshold of the Biomation. In order to be able
of Denver Applied Analytics. The data set in- to time the ultrasonic echos precisely, it is nec-
cludes explicit timing information defining the essary to determine when the peak (or some other
velocity in the trailer-hitch for several dif- feature) of the ultrasonic pulse emerges from the
ferent angles and the absolute arrival times of face of the transducer. The peak is used because
the flaw echos for the determination of absolute it is the time at which most of the frequency com-
flaw position. Data has also been collected and ponents of the pulse are in phase and is therefore
sent to J. Rose of the University of Michigan. a high signal-to-noise feature which can be ident-
comprising waveforms along the longitude and ified in either the time or frequency domains.
equator of trailer hitches containing a thin el-
liptic disk and an oblate spheroid. New require- Because the transducer cannot be used as a
ments on transducer placement have been received receiver while it is transmitting, the pulse peak
from A. Mucciardi of Adaptronics so that both time is measured by placing the transducer 'n
pitch-catch and pulse-echo waveforms may be col- contact with a 1 inch thick layer of aluminum and
lected in a new window format to be used for in- measuring the first round trip time. Then the
version. The data were collected on a trailer- pulse peak time is calculated using the thickness
hitch with an oblate spheroid and sent to and velocity of sound of the aluminum block. The
Adaptronics. Data obtained in the recent past on velocity of sound is in turn determined by sepa-
a variety of trailer-hitch defects have been rating the transducer from the block by a water
transmitted to J. Gubernatis at Los Alamos. buffer and measuring the front surface and first

round trip times and the thickness of the block.
In order to provide scattering data for use

with the POFFIS algorithm. it is necessary to The resulting pulse peak time is then used as
record pulse echo waveforms of the flaw as viewed the reference of time for flaw waveform measure-
from a variety of angles i g the absolute ments. It will vary if any of the components of
position of the flaw echo Jineach waveform. Given the apparatus (transducer. pulser, transient re-
a knowledge of the velocity of the sound in the corder) are changed or even readjusted (for
host material. absolute position can be determined example. pulser damping or Biomation trigger
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level). It is found in practice that the Bo- (ka - 1.5. kb - 0.75). The largest deviation is
mation triggers about 1/8 cycle after the begin- obtained for the case of Fig. 1lc. i.e.. when the
ning of the pulse and therefore about 5/8 cycle bubble is directly illuminated.
before the pulse peak for each of the two 5 MHz
broadband transducers. The frequency spectra were experimentally

obtained by Fourier analyzing and normalizing the
Sound Velocity - In order to convert the absolute observed backscatter waveforms. The spectra of
arriva times measured above into absolute posi- Figs. lib and 11c are modulated with about the
tions. it is necessary to know the sound velocity same periodicity as that obtained for a sphere,
of the specimen. For anisotropic materials, such Fig. Ila, but a modulation with longer periodicity
as Ti-6A1-4V, this requires measurements in (in k) is superimposed. While for the sphere the
several directions. We have made sound velocity first three peaks are of approximately equal
measurements in the trailer hitch specimens by amplitude, with the bubble present, the amplitudes
through transmission measurements along various decrease in magnitude. These observations agree
diameters of the hitches. The technique used is qualitatively well with the findings of Domany et
to divide the thickness of the hitch (including al (6).
end caps) by the time when the peak of the pulse
reaches the receiving transducer minus the time
when the peak emerges from the transmitting trans-
ducer. This requires a 2-transducer reference SP36

measurement analogous to the single transducer
reference measurement described above, consisting
of measuring and transmission arrival time through
the 1 inch aluminum reference block and subtract-
ing the known propagation time through the block.

The results of the sound velocity measurements
(for those angles where physical access allowed a
through transmission measurement to be made) are
given below. They show a consistent anisotropy as ,OSDF
well as a systematic variation between the two
samples.

SOUND VELOCITY

Angle from Sample Sample
Symmetry Axis 37 39

(degree) (mm/u s) (mm/u s)

55-1/2 6.193 6.175 7°S

73-1/2 6.219 6.203
90 6.232 6.215

ELASTIC WAVE SCATTERING BY BUBBLE DEFECT
2 4 a 0 12

Next. we turn to study a non-spherical defect F RE O

shown in Fig. 2. The defect is a spherical cavity
of diameter 800,u to which a hemisphere cavity of
diameter 400% has been added. The hemisphere will Fig. 11 Frequency spectra of pulse echo signals
be referred to as the "bubble"; it represents a from (a) a sphere, and (b) and (c) a
deviation of size b from a simple shaped smooth bubble defect.
cavity of characteristic size a. The questionsaddressed were the following: Turning now to the angular distribution ofpower, Fig. 12 shows the polar plot of power

(1) At what frequencies (e.g.. values of kb) versus scattering angle for an incident direction
is the bubble observable? along the normal to the axis of symmetry (side

view) and a scattering angle of 0 - 135 from the
(2) At what angles of incidence and forward scattering direction. This work is for ka

scattering is its effects most - 2 and shows that the presence of the bubble haspronounced? caused noticeable loss of the symmetry associated
with a "true" spherical cavity. Also shown in the

To answer these questions preliminary exper- plot are results of calculations by Domany et al
iments were first carried out to compare the (6) and Opsol (7) in qualitative agreertnt with
backscattering by the large sphere to that of the the experiment. Domany's calculations are based
non-spherical defect. Figures (Ila. b. c) show on the use of the Distorted Wave Born Approxi-
the backscattered amplitude vs frequency for (a) mation. while Opsol's results are based on the use
an 8001 sphere without the bubble defect (b) a of Vissher's matrix theory (8).
side view of the defect normal to the axis-of-
symetry. and (c) a frontal view of the bubble We plan to extend this work to the other
defect. The differences appear above about 4 Hz defects described earlier and attempt to achieve aquantitative comparison.
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q_ MEASUREMENTS OF ULTRASONIC SCATTERING

FROM BULK FLAWS OF COMPLEX SHAPE

B. Tittmann

Fig. 12 Polar plot of power scattered (dB) as OISCU6SION
a function of scattering angle in a
pitch-catch experiment. JIM ROSE: Jim Rose. University of Michigan.

I notice that in your experiments that you
ACKNOWLEDGEMENT just showed, you have the deeper split. Is that

possibly true for --
This research was sponsored by the Center for

Advanced NOE operated by the Science Center. MR. TITTMANN: That's fine structure that I
Rockwell International, for the Advanced Research think we can get rid of by being a little more
Projects Agency and the Air Force Materials precise in our normalization.
Laboratory under Contract No. F3315-74-C-5180.

MR. ROSE: You don't think it's physical?

MR. TITTMANN: I don't think so.
REFERENCES *

MR. HOLLER: When you showed your experiments

I. N. Paton. "Sample Preparation," with the sphere and the bubble, I didn't
Interdisciplinary Program for Quantitative understand the designations on the axes.
Flaw Definition. Contract No. F33615-74-C-
5180, covering period July 1, 1974 - June 30. MR. TITTMANN: This was a polar plot with the
1975. D.O. Thompson. Program Manager. bubble oriented towards 0 = 0. The radial axis is

2. R. Addison, this volume, calibrated in d of relative power.
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SUMMARY DISCUSSION
(B. Tittmann)

Jim Rose (University of Michigan), I notice that in your experiments you just showed.
you have the deeper split. Is that possibly true for --

Bernie Tittmanns That's fine structure that I think we can get rid of by being a little

more precise in our normalization.

Jim Roses You don't think it's physical?

Bernie Tittmanns I don't think so.

Paul Holler (Inst. fur Zerst. Pruf.), When you showed your experiments with the sphere
and the bubble, where the abscissa is, the ordinate with decibels, I didn't
understand what you were -- must be an angle.

Bernie Tittmanns This was a polar plot. If we wanted to assign a reference, make the
bubble direction zero degrees and this is 90 and that's 1801 and so looking into
that direction, then, you're looking away from the bubble and the amplitudes are
in terms of DB.
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DIRECT AND INVERSE METHODS FOR SCATTEPPNS
BY CRACKS AT HIGH FREQUENCIES

J. D. Achenbach
The Technological 

Institutt4"

Northwestern University
Evanston, IL 60201

ABSTRACT

Further results are presented for the direct problem of scattering of high-frequency waves by cracks
in elastic solids. Results for a penny-shaped crack, obtained on the basis of geometrical diffraction
theory, are compared with experimental data. For simple crack geometries a hybrid method, whereby the
crack-opening displacement is computed by ray theory, and the scattered field is subsequently obtained
by the use of a representation theorem, is tested by comparison with exact results. The simple form
of the far-field high-frequency solutions to the direct scattering problem suggests the application of
Fourier-type integrals to solve the inverse problem. Two different inversion integrals are discussed.
The inversion method is checked by applying it to the scattered field of a flat elliptical crack, for
which an analytical expression is derived. Some computational technicalities are discussed, and
numerical results are presented.

INTRODUCTION characteristic function is defined so that it has
unit value for every point inside the scatterer

Several recent publications have been con- and vanishes elsewhere. The Fourier transform
cerned with solutions to the direct problem of parameter which enters in this relation is a
high-frequency scattering of time-harmonic waves function of the wave-number and the angle of
by cracks in elastic solids. From the phenomeno- observation. A number of studies have recently
logical point of view the high-frequency approach been devoted to examine the extent to which the
is appealing in that the probing wavelengths are far-field data can be used to numerically invert
of the same order of magnitude as the length-di- this Fourier transform relation and recover the
mensions of the crack. This gives rise to in- size, shape and the location of the scatterer.
teresting and detectable characteristic interfer- In these studies the possible limitation on the
ence phenomena. The high-frequency approach is bandwidths of the observed scattered signals has
also very attractive from the mathematical point been taken into account, as well as the restrict-
of view, because the intuitively straightforward ed range of the apertdre covered by the angles
methods of elastodynamic ray theory can be app- of observation. For details, the reader is re-
lied to yield accurate solutions. ferred to the recent work of Cohen and Blei-

For flat cracks with a smoothly curved edge stein.

in the interior of a homogeneous, isotropic, In the present paper the inversion of far-
linearly elastic body, the direct scattering field crack-scattering data in the high-frequency
problem in the high-frequency domain can now be range by a method which does not involve a three
solved accurately, provided that ka is sufficien- dimensional Fourier inversion but only a single
tly larger than unity, where k is the wavenumber integration in the wave-numbgr domain is dis-
and a is a characteristic radius of curvature of cussed. The method was int , ced by Achenbach
the crack edge. Results, which have been obtain- et a15 , and it is further expiored in the present
ed on the basis of either geometrical diffraction paper.
theory (GTD), or a hybrid method, whereby the
crack-opening-displacement (COD) is computed on ELASTODYNAMIC RAY THEORY
the basis of GTD, and the scattered field is sub-
sequently obtained by the use of a representation Ray theory provides a method to trace the
theorem, have been reported by Achenbach et all, 2 .  amplitude of a high-frequency disturbance as it

propagates along a ray. In a homogeneous, iso-
In the present paper a very brief summary of tropic, linearly elastic solid the rays are

GTD is given, and some recent comparisons with straight lines, which are normal to the wave-
experimental results are reviewed. For simple fronts. An unbounded solid can support rays of
crack geometries, the hybrid method is tested by longitudinal and transverse wave motion. These
comparisons of both COD computations and scatter- rays are denoted as L-rays and 1-rays, respec-
ed-field computations with exact results which tively.
have been obtained by numerical solution of a
governing singular integral equation. In analogy with geometrical optics, the

simplest theory for diffraction of elastic waves
A major part of the present paper is devoted by cracks may be called geometrical elastodyna-

to the inverse problem. It is known that at high mics (GE). In GE a crack acts as a screen which
frequencies the far-field generated by a volume creates a shadow zone of no motion, and zones of
scatterer in an acoustic medium is proportional reflected waves. The geometrical theory of diff-
to the Fourier transform of the characteristic raction (GTD) provides a first correction to GE,
function associated with the scatterer. The in that terms arising from edge diffraction are
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taken into account.

For plane longitudinal and transverse waves,
which are under arbitrary angles of incidence
with a traction-free semi-infinite crack, the
fields on the diffracted rays can be obtained by /8

asymptotic considerations, as shown by Achenbach

et al6,7 . The results can be expressed in terms
of diffraction coefficients which relate the s,

diffracted fields to the incident fields. Geo-
metrical diffraction theory provides modificat-
ions to the semi-infinite crack results, to t , AI1 A A,

account for curvature of incident wave-fronts and .... 'o,d "
curvature of crack edges, and finite dimensions - s s,
of the crack. In the usual terminology the re- 0, 8 , b,

sults for diffraction of plane waves by a semi- 1_ ,
infinite crack are the canonical solutions. For ,9. e. o
incident waves with curved wavefronts and for
curved diffracting edges, the cones of diffracted
rays have envelopes, at which the rays coalesce
and the fields become singular. The envelopes Fig. 1: Geometry in the plane of symmetry of a
are called caustics, and GTD breaks down at penny-shaped crack.
caustics.

A more complete discussion of GTD can be F(ou 0 ) Illexp[-i(wa/cL)(cos" - sin )]

found in the papers by Achenbach et all, 2 . + H2expli(wa/cL )(cos - sinu )] (2)~0
Experiment. Experimental results in the high-
frequency range that are suitable for comparison sgn(cosH.) T(o ) IDL(oj;4 I}

with theoretical results have been reported 
by Hj =

Adler et al
8 ,9 . The sample was a circular disk (WSj/CL)2(I+S /C

(2.5 x 10 cm) of titanium alloy which contained
a penny-shaped crack of radius 2500W parallel j 1,2 (3)
to the flat faces, and located at the center of
the disk. The disk was immersed in water. A Here is the circular frequency, a is the crack
transmitter launched a longitudinal wave to the radius, S = 7N. u represents the incident wave
water-titanium interface under normal incidence, at point 0, and cL and cF are the velocities of
This wave was transmitted into the solid, diffrac- longitudLnal waves in solid and fluid respective-

ted by the crack, and the diffracted waves were ly. The geometrical quantities are indicated in
transmitted back into the fluid, where they were Fig. I. In Eq.(3) T(.) is the transmission co-
received by a second transducer. The experi- efficient at the solid-fluid interface, and
mental set-up and the processing of the data are L(..) is the diffraction coefficient. Fw de-
discussed in some detail elsewhere

9 . L
tails of the derivation of Lqs.1l) - (3) we refer

In the experimental work the nature of the to Ref. 9. It should be noted that one of the
diffracted signals is determined by their arrival terms H. is imaginary, since the ray has crossed
times. Since the first arriving signals are re- a caustic. Of particular interest is the abso-
lated to longitudinal waves in the solid, it is lute magnitude of F,
possible to gate out and ;eparate the purely
longitudinal diffracted signals from subsequent IFI IH 12 + IH I2 +
signals. By appropriate processing of the ex-
perimental dana, as discussed in Ref. 9, the
amplitude-sp trum is obtained for the longi- 21HiIlI2jsin 2(,,)a/c )(cos'-sin ) i2 (4)
tudinal diffracted waves only. Thus for the L 0

present comparison of analytical and ex; eri-
mental results we need to consider only the pri- Here we have taken into account that either H
mary diffracted body-wave rays in our analytical or H 2 is imaginary.
work.

The interference patterns for the first arr-
iving longitudinal waves in the fluid are gener-
ated by phase differences and amplitude differen- . .
ces on the direct rays from the two crack tips, . -

see Fig. 1. Adding the primary diffracted longi-
tudinal fields from the points 0 and 0 we ob-

2
tain in the far-field

'L F " ) exp[i (S/c L * /CF) i /4] UO F  (1) Ii 1 4) with e' p(rritent dI

0.~F iq. 2: ( t. w ,

16 2



Com arisons with Experimental Data. Theoretical comparison with exact numerical results that this
resu ts obtained from Eq.(4) have been plotted effect is negligible. Secondly, caustics remain,
together with experimental data in Fig. 2. The although they are reduced by one dimension. In
frequency varies from 2 MHz to about 14 MHz. The GTD caustic surfaces occur. To compute the COD.
angle in the solid is 6'k=n/2 -u ) = 350 respec- only caustic curves which are confined to the
tively. The amplitudes of the first tew cycles crack faces are encountered. Thirdly. Eq.(5) must
agree well. At higher frequencies (above 6 MHz) be numerically integrated which becomes progress-
the experimental results are lower than predicted ively more difficult with decreasing wave lengths.
by theory. One possible explanation is the eff- Finally, the computation of the COD becomes more
ect of attenuation which is not accounted for in complicated if "boundary-waves" are included to
the theory. In all cases the positions of maxima achieve the desired accuracy.
and minima of the spectra agree well. The loca-
tions of the maxima are significant for the We now give a brief description of the terms
inversion process. Additional comparisons with included in the COD, with emphasis on the boundary-
experimental data have been reported in Ref. 9. wave terms. The COD can be represented by

A HYBRID METHOD GE S TH BL BT
Au =Au + Au + Au + Au + Au (8)

In this method the crack-opening-displace- A A - A A A
ment (COD) is computed on the basis of elasto-
dynamic ray theory, and the diffracted field is The first term is the geometrical elastodynamics
subsequently obtained by the use of a representa- (GE) contribution to the COD. On the illuminated
tion theorem. The advantage of this approach is crack face it consists of the incident wave and
that the trouble with ray theory at shadow bounda- the specular reflections. The GE contribution
ries and boundaries of zones of specular reflec- vanishes on the crack face at the shadow side. The
tion is eliminated, and caustics only need to be second term consists of the difiracted and reflec-
dealt with on the faces of the crack, ted surface waves which have been described in the

previous section. This term is of order one in
Elastodynamic representation theorem. The field wavelength with respect to the incident wave. The
generated by scattering of incident waves by an thir-l term is the contribution to the COD from the
obstacle with surface S can be expressed in terms diffr cted body waves. It includes only horizon-
of a representation integral over S. For a stress- tally polarized transverse rays, and it is of order
free crack with plane faces A+ and A- the repre- tne squjare root in wavelength with respect to the
sentation integral can be simplified. If the tot- incident wave. We note that the longitudinal di-
ai field is written as ut = uin + usc, where uin ffraction coefficients and those parts of the
is the incident field and uSc is the scattered transverse diffraction coefficients which give rise
field, then at an arbitrary field point x the to vertically polarized waves vanish on the crack
latter can be expressed in the form faces. The last two terms aVe the boundary-wave

contributions to the COD. In principle they are
sc G sc of order three halves power in wavelength with

u () =f T (x-X)Au (X) n dA(XQ) (5) respect to the incident wave. However, at moderate
m A+ ij;m i j wave numbers, their amplitude can be large.

Here x represents any point outside of the crack, Boundary-waves occur because the diffracted
and n is the outward normal (pointing from the A+  body waves do not satisfy the boundary conditions
to the A- face). Also Au,(X) is the crack-opening of vanishing traction on the crack faces. The
displacement defined by transverse boundary-wave (which is generally known

as the "head-wave") and the diffracted longitudinal
sc sc A+  sc A- body-wave combine to satisfy the boundary condi-

_,u (X) = (u ) (u ) (6) tion of vanishing tangential tractions on the crack
i i i faces. The longitudinal boundary-wave and the

diffracted transVerse body-wave combine to satisfy
and the boundary condition of vanishing normal trac-

G tions on the crack faces. More details can be
Ti;m = tensor of rank three , (7) found in a paper by Gautesen 10 . From the mathe-

matical point of view, boundary-waves represent
branch-point contributions to the inverse Fourier

which represents the stress-components at X transforms of the displacement fields. The am-
plitude of the longitudinal boundary-wave is large

due to a unit load in the xm direction at the at moderate wave numbers due to the proximity of

the Rayleigh pole to the branch point. The ampli-point defined by I • Provided that the crack- tude of the transverse boundary-wave is large at
opening-displacement can be adequately approxima- moderate wave numbers because the branch point is
ted, Eq.(5) may be expected to give a good close to the extraneous roots of the rationalized
approximation to the scattered field. In this Rayleigh function.
section we employ GTD to compute an approximation
to the COD.

Crack-opening displacement. Four principal diffi-
culties must be overcome, in the hybrid method
presented here. First, GTD predicts unbounded COD's
at the crack edge. It is however, seen below by
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SOME RESULTS .C

In this section we prese:it comparisons he-
tween the scattered fields computed by GTD, by iu2/Aj
the hybrid method and by exact theory, for a
penny-shaped crack and for a slit.

For the penny-shaped crack we consider nor- 
j

mal incidence of a longitudinal wave. The radius
of the crack is a, and the origin of an (r,O)-co- .3c -

ordinate system is placed at the center of the 
- - -

crack, where r and a vary in a plane normal to Fig. 5 ,attered longitudinal x -displacement
the plane of the crack. Thus e = 0 in the plane for normal incidence of longitudinal
of the crack, and 0 = it/2 along a line through wave; r/a = 10, kLa = 5; - GTD, 6
the center of the crack normal to the crack-plane. hybrid theory, o exact results.

A dimensionless crack-opening displacement Figure 6 shows the geometry of a slit with
computed by the method discussed in the previous oblique incidence of a longitudinal wave. Com-
section is shown in Fig. 3. It is noted that the parisons of the displacements are shown in Fig. 7.
agreement between the exact COD (solid line) and The agreement is generally better for the scatter-
the approximate COD (dashed line) is excellent. ed longitudinal-wave displacements than for the
The approximate COD, which is relatively easy to scattered transverse-wave displacements.
obtain can be substituted in Eq.(5) to obtain the x2  r
scattered field. 

2 
r

6 0

4

COD fig. 6 2-0 Geometry for a slit

3 .

2 ,12

~~0.0 -

V o .2 .4 .6 .8 1 .0 .3

Fig. 3 Dimensionless crack-opening displacement ju'/A I
for normal incidence of a longitudinal 2

wave on a penny-shaped crack; v = 0.25,
kLa = 5 ;-- exact theory,- -approxi-
mate COD.

Comparisons of the scattered displacements
as functions of the angle 0, for r/a = 10 and
kLa = 5 are shown in Figs. 4 and 5. The GTD 0.0
results have been corrected at the shadow boundary
and at the line through the center of the crack t. 1A
normal to the crack-plane (which is a caustic). 1u1,A

For the scattered displacement in the x2-direction .1
(normal to the crack) there are, however, still
deviations near the shadow boundary.

•*0.0

-e 9

e 0 2 4 6 8 10

Fig. 4 Scattered longitudinal x -displacement ka

for normal incidence of longitudinal Fig. 7 Displacements due to scattered waves ver-
wave; r/a 10, k~a = 5; - GTD0,hybrid sus k~a; r/a -l0, 0.25, angle of in-
theory, a exact results. cidence ()L= 60;- exact,--- hybrid

method,-. -GTD, . 300.
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The far-field longitudinal solution. Let us assume in AM, i.e.,
that the origin 0 of the coordinate system is close
to the crack while the source S of the incident Ausc AUGE (uin +ure ) A-  

(15)
field and the observation point Q are far away, _ +(

see Fig.8 For the incident field we assume a longitudinal
wave from S given by

S 
O  ~uin =- A _S GL(xS) exp(- ikx.X)_ , xs>> X (16)

The reflected field u
re 

from A- can be found from
the standard results on reflection of plane wav s,
as

uSC A (Xs) GL(xS) exp(- ikxS.X) (17)

0L

C' An expression for a(xS) can be found elsewhere.
5

0' Substitution of (17) into (14) yields the scattered
longitudinal far-field as

Susc( ) L  
G;L -

GL(xS)GL(xQ) iA aixs)bij;m-(Q)nj I(kL) 18)

Fig. 8 Flat crack, with source point S and point where
of observation Q.

l(kL) ikL f+ exp(- ikLa.X) dA(X) (19)
Thus, if Q , and X denote the position vectors A

of S, Q and any point on the crack, and xS = Al and

XQ = Ix and X
=  

I, then xs, XQ >> X. Defining

the unit vector x = x Ix we can write q = (-s +  
Q) (20)

- - ( • X), x > > X (9) is a vector in the bisector-direction of OS and QQ.
The far-field dependence on the crack occurs only

The expression for T then simplifies consider- through the function l(kl), which depends on the
ij;m wave-number kL and the bisector-vector .

ably. Substituting this simplified result in
Eq. (5), we find for the lo'igitiidinal field Various alternate expressions can be written

sx L kb;L nL for the integral I(kL). After introducing the

) -ik b (x)G ( x )nlI(N) (10)Lij;m-XI L Q i 1 11 and 2 coordinates in the plane of the crack,

where see Fig. 8 , I(kL) can be reduced to

b G;L +^ exp(- ikL_,. )
];m -

(
A 

+ 
2p)- i (2j x X + j xm (1) I(kL) = 2 2 -

[ 
v. exp(-ikL__)ds (21)

Lx)=1 (1)q 1 + q2  CG W - _-L exp(ikLX (12)1 2

where v is the outward unit normal to the crack edge,
2 and s is arc length measured along the crack edge C.

By means of Eq. (21) the scattered longitudinal

field is expressed as radiation generated by a
and superposition of sources over the edge of the crack.

This kind of representation seems to be analogous
IL -- f

+  
exp(-ikx . X)Au'c(X)a dA(X)(14 to the method of equivalent currents, which has been

-- A U-- explored by sevezal authors in electromagnetic
scattering theory.

In Eq. (10) the sumnation convention applies, and
in (1l)-(13) A and P are Lamd's elastic constants, It is convenient to consider still another
and P is the mass density. system defined by (see Fig. 9

PHYSICAL ELASTODYNAMICS 1 1122 ; 2  q2 ,1 +

The physical elastodynamics approximation is T3 - 3 (22)

obtained if only the leading contributions arising
from the incident field and the specularly reflected Note that the l-axis is parallel to the projection
body waves from the illuminated face are included
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of a on the crack-plane. The qi used here are where Jl( ) is the cylindrical Bessel function,

defined in the C-system. Then Eq. (18) can be and I is defined by Eq. (27). The simple result
reduced to the simple form

5  
given by (29) in conjunction with (18) has been

exp(- ikL-X_ - shown to give quite good agreement with experimental

ep- -.o) f exp(- ikl) d& (23) results.
I  

It has also proven to be very useful in
q + q2  c practical inversion procedures based on the appli-

cation of adaptive learning networks. 12

An asymptotic expression for the Bessel
function Jl(k l) for L >> 1 may be written as

Jl(kL)- 2 k ) {exp[-i(k - 3r/4)]

+ exp-i(kLf1 -31T/4)) (30)

and it may be checked that the first term in (30)
corresponds to the contribution from E stated by
(26), while the second term corresponds to the

contribution from F.
0

8 INVERSION INTEGRAI.S

The different forms of I(kL) in Eqs. (21),
(23) and (26) suggest simple Fourier-type inversion

Fig. 9 Coordinates in the plane of the crack integrals to recover the size, shape and orientation

of a crack from the far-field data. The following

Another useful approximation results by in- inversion integrals have been investigated in some

troducing local coordinates near the points E and detail in Ref. 5.

F on C where the tangents are parallel to the -2- *

axis, (see Fig. 9 ). For instance, near E( 1, 2,0), 1. fl(X)
=

9 exp(ikL&.A)f(k) dkL (31)

the points on C can be represented by

_L 
2 

f + _s
3 

a 2. f2(k) f kL exp(ik.a.X)f(kL)dk (32)

3 2 where X defines any test-point in the medium.+ 
s s 3 s 2 (25)

2 20Application of the operator of Eq. (31) to
where a is measured from E(41 ,12,0) and 8 and the expression for I(k) in Eq. (23) gives

BI are the curvature of C and the value of do/ds , 2 -

at this point. We next substitute (24) and (25) 1i(1 = - 2 2 f i[a%(X-X 0 d1 (33)

into Eq. (23) and apply the stationary-phase ap- (ql +q2 ) C d I
proximation. The contribution from E( 1, 2 ,0) then
becomes where we have used the relation

I~L% ( e-iir/4 kL +.Y
}  

2) ikLQ

(2kL)% - -2 + 2 kL-- exp(- ikt( I+a.~ (26) Je ikPdk1 = 2r 6(p) (4

(q1 
+

2 o
Evaluating the integral in Eq. (33) by the sifting

where property of the 6-function we obtain

2 2 2 2, (27) -l=I (a ql + b q2) -
1 2 d + ;(A(

A similar contribuLion arises also from F(n 1,n 2,0). N1 d 1 1), 1)

Details of the derivation of Eqs. (21), (23) and 1(_) = (35)

(26) can be found in Ref. 5.

It Is of interest to note that for a crack 
of

elliptical shape defined by where

2 /a
2 

+ 2 /b = 1 ; = 0 (28)1 2'( 3- q X~o  (37)

Eq. (21) can be evaluated analytically to give Here the range of variation of I, on C is given by

ab J exp(_ik-Xo ( l 
<  1 < 

CP where tI and C, were defined earlierI(kL) --2mi - Jli ) (29) 37

37?
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in the context of the local coordinate system. In examples have been discussed in Refs.[5] and [13].
Eq. (35) A and B are the points at which the plane An iteration procedure which improves the accuracy

K K intersects the crack edge C when ql < K < Cl" was discussed in some detail in Ref. [5]. Referesoe

]the gradient terms [5] also includes an application of the inversionAt the extreme positionsite, 1 method to the experimental data of Ref. [9].in Eq. (35) become infinite, usually, in the in-

verse square-root sense, as will later be illus- The 3-D crack. As a 3-D example we consider an
trated by the example of an elliptical crack. elliptical crack of semi-major and semi-minor axes

In practice, we can choose X along the a- a and b respectively. Relative to a coordinate
d iectin from 0andderinhoe a the finit r system at the center of the crack, the ellips isdirection from 0 and determine the finite layer defined by Eq. (28). The diffracted far-field will

normal to _ which contains the crack. The singular be assumed in the form discussed earlier, with
behavior oftificationo terms en-lae the I(kL) given by Eq. (29), in terms of a Bessel
test for identification of the end-planes of the function. For any given pair of source and obser-
layers. vation points, the inverse operator of Eq. (31) will

The inverse operator of Eq. (31) when applied then lead to a pair of end-planes touching the crack
to Eq. (29) gives edge as given by Eq. (40). The plane of the crack

and segments of the crack-edge will now be con-
structed by using the far-field diffraction data

I2 2 K
2  

IK K < (38) from two source locations Sk, k = 1,2 and a set of

I (A)- ) observation points %, n - 1, ---20. For our

I- numerical example the spherical coordinates of
0 ; Ji •J (39) S (k = 1,2) are taken as (25, m/6, m/2) and (25,

6, 27T/3).

which clearly exhibits the inverse square root The points Q are taken at (n) where
singularity at K = + 1', where K is defined in

Eq. (37). Conversely it is not difficult to verify n)

that the planes C 10 + (n-5) sin(n/3) cos(3r/4)

K = (40) E (n) = 10 + (n-5) sin(iT/3) sin(37t/4)

touch the ellipse at the following points in the 3 5 s,
1-system:

qa q2b2  A tentative origin 0 in the neighborhood of the
(+ + O) (41) crack is taken at (0.2, 0.3, 0.15). The inversion

integral then leads to a number of layers for given
source and observation points as described earlier.

These results verify that the application of the For a source at S and an observation point at
inversion integral of Eq. (31) to the expression the pair of layerkend-planes Q(k,n;p), p - 1,2

for the scattered field of longitudinal motion obtained from Eq. (40) are defined by
given by Eq. (29), yields two planes which touch
the edge of the crack. ql(k,n) 2+q2 (kn) 2 =+ {2 n +

It is often desirable to identify the end 2 2
planes of the layer by a singularity of the Dirac b q 2 (k,n)} (43)
delta function type. To this end we apply the in-
verse operator defined by Eq. (32) to the stationary where + signs correspond to p = 1,2, respectively.
phase approximation of I(kL) given by Eq. (26). The bisector vector q(k,n) is associated with
This gives OS and

* (2 3/2e-Fr/4
- 2 2 (K- )- For large n, each set of planes Q(k,n;p)

2- (q2 +q2)(8) defined by Eq. (43) for a given k, forms a prismatic
1q 2oE surface, which will touch the crack-edge C at a set

3/2 i7r/4 (42) of points. These points span a polygon, which
(27r) e approximates a segment C(k;p) of the edge C. The

2 2 6(K - Il) intersection of the two prismatic surfaces for the
+q2)(Bo) F  same p but k - 1 and k - 2, respectively, will lead

to points on C common to C(l;p) and C(2;p). We
These expressions have the desired 6-function can use these points to generate the crack-plane.
behavior across the planes K - and K = The above points are obtained as follows. The

C prismatic surface formed by the first-set of planes
0(l,n;p) will be intersected by the various indi-
vidual planes of the set O(2,n;p) along a set of

NUMERICAL EYAMPLES polygons (2,n;p), which we initially determine.
The points where the polygons of this set intersect

Source and receiver in a plane of symmetry of the in 3-D space constitute points for an approximate
crack. The inversion procedure simplifies tre- determiation of the crack-plane. These points are
mendously if it can be assumed a-priori that both easily found by testing where any polygon r(2,n;p)
the source and the receiver are located in a plane with a given n is intersected by the remaining
of symmetry of the crack. The inversion procedure planes of Q(2,n;p). The plane of the crack can thus
then becomes essentially two-dimensional. Numerical be determined, and once this has been achieved the
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SUMMARY DISCUSSION
(J. D. Achenbach)

Unidentified Speakers I wasn't quite sure on that one plot that you put on and took
off, where there were experimental points. Is that the same thing as Bernie
talked about last year? Is Bernie here? Is that the same kind of plot you
showed last year? Is that the comparison between your theory and Laszlo's
experiments?

J. Achenbachs Okay. I will show you that one. Laszlo will talk about similar things,
but here is plotted the relative amplitude versus the frequency. At three, four
locations. The angle of observation is at 35, 45 degrees, 55 degrees, 60 degrees.
It compares theoretical results which were obtained on the basis of these ray
theory considerations which I pointed out, and then the dots are the points that
Laszlo measured. So he has gone up to 14 megahertz. The point I was trying to
make with this plot is that it is important for the inverse method to know
something about the spacing of the peaks because the peaks come about because of
the interference of rays. The interference of the rays is related to the dimen-
sion of the crack. So, if I can get this spacing of the peaks reasonably
accurately, I am in relatively good shape. I can't get the magnitude right for
two reasons. The specimen is immersed in a water bath. The transition from the
solid to the water we only approximately describe. There is a certain damping
effect there. And the titanium has a certain amount of damping. Perhaps the
water also. So, it's natural that at a higher frequency the agreement becomes
worse because of damping.

Unifentified Speaker: The other question was% in your equation for the C.O.D., how
do you devise change in the C.O.D.? Do you make C.O.D. measurements?

J. Achenbach: No. These are computed.

Unidentified Speakers Laszlo will talk --

J. Achenbacht Laszlo is not involved in this work. This is a different theory. What
we did was, we said we can either use ray theory all the way out in the field
away from the crack and then we get conceivably into trouble at shadow boundaries.
And that is just because of the asymptotic nature of the theory. An alternative
would be just to use ray theory to compute the crack opening displacement. In
other words, the fields on the crack faces. And then stick that result into this
elastodynamic representation theorem, and then things integrate nicely out, and
you get the field everywhere bounded. You get it bounded at shadow boundaries,
you get it bounded at caustics - and that's the idea of introducing the crack
opening displacement.

Jim Krumhansl (Cornell University): Could I just add: the point about this, of course,
is that in a certain sense the method exhibits some of the properties that one
could have gotten from acoustics, simply a scaled approximation, but now you
can pick out a particular type of incident wave and you can compare the features
of the longitudinal to the transverse wave, and elastodynamics allows you to get
some semi-quantitative, fairly quantitative, measure of the magnitude of the
relative features in those different polarizations.

J. Achenbach: That's right. Of course, the elastodynamics appears when the coupling
between longitudinal and shear waves is built in, because it's built in, in the
way the signals distribute over those two cones. If I had pure acoLIstics, I would
only have one cone. If I had treated this problem as a pure acoustic problem,
the longitudinal wave diffracted by an edge would produce just a diffracted
longitudinal wave. Here it produces both. However, we never use those transverse
waves because, I guess, in experiments you only work with the first arrival anyway.
As soon as you can measure transverse signals, then we will stick in these other
transverse signals, and you get the whole field.

Jim Rice (Brown University)t Just for clarification, the inversion procedure is based
on extremely high frequencies in that limited crack face is motion taken into
account?

J. Achenbacht If you can follow my hands here from the two crack tips, at low fre-
quency you would have an ellipse. At high frequency you have waves on the crack
faces; at still higher frequencies you have more waves. We ignore the wiggles
due to secondary surface motions.

(continued)
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J. Achenbach (discussion continued)

Jim Rices When you compare your inversion procedure with experiments, how small must
the wavelength in fact be compared to crack size for this kind of an approximation?

J. Achenbach, Okay. We have to let Laszlo discuss thiss he will show that in the
next talk because we used physical elastodynamics for an elliptical crack. You
can actually work out analytically the results, and you get a Bessel function
and compare it with experiments. The comparison was good for a wavelength range
which he will show.
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DIFFRACTION OF ULTRASONIC WAVES BY ELLIPTICAL CRACKS IN METALS

L. Adler and D. K. Lewis
Department of Physics

The University of Tennessee
Knoxville, Tenn. 37916

ABSTRACT

Ultrasonic spectrum analysis is used to study the frequency and angular behavior of diffracted
longitudinal waves from elliptical cracks with arbitrary orientation in diffusion bonded titanium alloy,
The aspect ratio of the cracks (ratio of major to minor axis) ranged from 1 to 8 and the bandwidth of
the input signal was such that the scattering diameter was ka > I. The experimental data are analyzed
based on a recently developed elastodynamic diffraction theory (by Achenbach et al.). Some of the key
parameters of the scattering data are identified to address the inverse problem..

INTRODUCTION

It has been recognized for soie time that for the geometry described in Fig. 1, one obtains
quantitative ultrasonic flaw characterization d =)2_ 2 2  CL)2 212 +
requires the understanding of interaction of ultra- d =i exp CL + P2 2(X +
sonic waves with discontinuities in solids. The 1 2 T
physical phenomenon describing this interaction is T
generally referred to as scattering, but in the 2 CL 2 _12 2 1/2
region of ka > I (where k is the wave number and a 2 + 4i 2  2 +
is some dimension of the discontinuity) we speak of T
this interaction as diffraction. For the dif- b (h ar)
fraction -f ultrasonic wives by planar cracks Adler PLar (2)
and Lewis

1 used Keller'sz geometrical diffraction rR2 i b nd
theory to analyze their experimental results. where
Achenbach, Gautesen and McMaken3 extended geometri-
cal theory to the three-dimensional diffraction by k
cracks in solids where wave motions are governed by L
a scalar and a vector wave equation. This analysis = (PI' P2' P3 ) defines the direction of
for diffraction of elastic waves from circular propagation of incident wave,
cracks has been evaluated and compared to experi-
mentally obtlined results by Achenbach, Adler, Lewis = I (X1, X2 1 X3) defines the point of
and McMaken. In the same paper they obtained a
simple formula for the inverse problem. Part of observation,
their results will be presented here. In addition, CL , (CT) is the velocity of longitudinal
the diffraction of elastic waves by elliptical (transverse) waves in the solid,
cracks of various eccentricities will be addressed.

b is the length of the major axis,
THEORY a is the length of the minor axis,

Jl( is the Bessel function of order one,
EIlitcal Crack - Let's consider an elliptical r b - 2 X 21/2,

crack in a linear elastic isotropic solid with major + -
axis b and minor axis a. The orientation of the CL 2  2l2  2 4(Pl2
crack is described by angles a and 6. 0 is measured R = 1( -22 + 2+
from the major axis of the ellipse and a is the T

measure from the plane of the crack to the z axis; 2 [(CL)2 . 2 21/2
e.g., if a = 90 the plane of the crack is in the xy P T2 )P3 r'T P I P2
plane. The longitudinal wave is incident to the
crack from point (Riei~i) and with displacement Equation (2) is programmed for various crack
amplitude ui. The diffracted L wave with amplitude geometries to obtain some representative configura-
ud is observed in space at a point which describes tions of the diffracted field to choose the experi-
(ReB). The problem is then tq relatT the angular mental parameters. For an ellipse with maj or axis
and frequency dependence of uU and u to the a, 6 25001 and minor axis 612t, and for a normally
a and b. McMaken, Achenbach and Gautesen

5 has incident L wave, the amplitude (frequency ranges
obtained a closed form solution of the diffracted L from 2 to 14 MHz) spectra is calculated for three
waves from elliptical cracks in the far field. The different polar angles-e = 30, 52, and 60'. The
diffracted field amplitude ud is represented by the observation point moves gradually from major to
integral over a crack surface r minor axis (Fig. 2). There are at least three con-

d clusions which can be drawn from the 30 plots shown
u = f T3j,k Aujdc (1) on Fig. 2: (a) along a fixed axis the periodicity

Tin the frequency will decrease with increased (k;

where T is the part of the Green's function (b) for a given 9 the periodicity will increase

correspo rng to waves of longitudinal motion and u going from major to minor axis; and (c) the
is the crack opening displacement. Evaluating (1) scattered amplitude will increase as the observation

point is approaching the minor axis from the major
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Fig. 3. Theoretical Amplitude Spectra of Normal
Incidence L Waves Scattered from Elliptical
Cracks. Polar Angle is 60°.

Fig. 1. Geometry of Ultrasonic Wave Diffraction Penny-Shaped Cracks. An incident L wave diffracted
from an Elliptical Crack in Solid. rom a penny-shaped crack produces diffracted rays

at the two extreme edges of the crack (see Fig. 4).
axis. The effect of different aspect ratio (ratio The diffracted rays are refracted at the solid-
of major to minor axis) of the elliptical crack on liquid interface and combined at point B. The
the diffracted field is shown on Fig. 3. For diffracted field uL at that point is given as
b/a = 1, 2, 4, 8 the amplitude vs. frequency and F(e'eO)exp[i(S/CL + -/CL + §/cF) + i/4]Uo
azimuthal angle (changing from along the major to Lc
minor axis) for a fixed polar angle of 60°is given. F(eeO) = H, exp[-i(wa - sineo)] (3)
Since the b, the major axis, for all four cases was /c1 )(cose
2500p, the amplitude spectra is the same along the + H2 exp[i(wa/cL)(cose - sineo)].
major axis. The periodicity (separation between
consecutive frequency maxima) will increase along
the minor axis and it is largest for the elliptical Coments on the Inverse Problem. In the previous
crack with the largest aspect ratio. The energy of sections expressions were obtained for the dif-
the scattered energy along the major axis is always fracted field of ultrasonic waves from cracks when
less than along the minor axis and the difference the size, shape, and orientation of the crack are
of the energy scattered along these axes will known. This is the so-called direct problem. The
increase with aspect ratio. The elliptical crack aim of the ultrasonic scattering studies by flaws
with aspect ratio of 8 shows very little energy is to characterize them from the measured scattered
scattered along the major axis. The special case field which is the inverse problem. The fact that
is the elliptical crack with aspect ratio of 1 is the frequency distribution of the diffracted field
the circular crack. In a different for alism by leads to simple inversion procedure has been
using geometrical theory of diffraction4 analytical recognized for special cases earlier4 and can be
expressions for the diffraction of longitudinal shown from the theoretical analysis. From Eq. (3)
waves from penny-shaped cracks has been obtained, the absolute magnitude (modulus) in the far field
This analysis accounts for the liquid-solid inter- can be written as
face which is in line with our experimental
technique. It also leads to a simple inversion
procedure, therefore the results will be repeated
here briefly.

Xf

II
A", ' *aw

Fig. 2. Theoretical Amplitude Spectra of 14ormnal Incidence L Wave Scattered from 2500t, x 625v Elliptical
Cracks in Titanhim,.
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Fl= H12 - HI' - 21HII1H sin[2(wa/c) further analysis. Signals falling outside the
1/2 2 gated regions are highly attenuated. An oscillo-

(cosO - sine ) I/2. (4) scope displays both the entire receiver output and
the section of waveform passed by the gate.

This result implies that the amplitude of the dif-
fracted field is modulated with respect to w/c with
period
P = w/a Icose - sineoI (5)

where 6 is the scattering angle in the solid, a is
the radius of the crack, and a is the orientation
of the crack. For two differeRt scattering angles
the amplitude spectra can be used to evaluate the
size and orientation of the penny-shaped crack by
using Eq. (5). In the first approximation the . .
diffracted field can be inverted also by expanding .
the Bessel function in Eq. (2). Along the major
and minor axes the diffracted field is modulated
in the same fashion as obtained in Eq. (5). ".... ....LF

Fig. 5. Experimental System.

The frequency content of the gated waveform is
presented on an analog spectrum analyzer. The
gated pulse may also be captured and stored through
use of the digital acquisition system. A transient

S1  recorder samples the ultrasonic signal at 100 MHz,
and stores the amplitude at discrete times in its
digital memory. The minicomputer controls the
acquisition of the ultrasonic pulse and then trans-
fers the digitally represented signal from the
recorder to the minicomputer memory. The signal may
also be permanently stored by writing it onto mag-

fluid A2/ A I'netic tape. Processing of the ultrasonic signal
(Fast Fourier Transform, correlation and decon-

solid/ volution) is performed on the minicomputer. An

pertinent information. For the Fourier Transformb both amplitude and phase spectra can be calculated.

02 eIn this experiment the amplitude spectra are used
only. The digital amplitude spectra is monitored
by the analog spectra (i.e., the spectrum offered

. 2 by the spectrum analyzer).

Experimental Technique and Procedure. The technique
used is shown in Fig. 6. The sample, which is a
disk (2.5 x 10 cm) titanium alloy with a flat sur-
face, is immersed in water. The transmitter

Fig. 4. Geometry in the Plane of Synmetry of a launches a longitudinal wave to the liquid-solid
Penny-Shaped Crack. interface at some angle. For nonnormal incidence

both L and T waves are produced in the metal. The
EXPERIMENT cavity can be insonified either by the L wave or by

the T wave with incident angle a. At the cavity the
Experimental System. The present configuration of waves are scattered and mode converted. The
the ultrasonic data acquisition and processing scattered waves are received and analyzed separately
system is illustrated in Fig. 5. The SCR pulser due to their separation in time. The various types
produces a fast rise-time high voltage (162 volts) of waves present are illustrated schematically on
negative spike with an exponential return to zero. Fig. 7 by the so-called time mapping. The interface
This wide band electrical pulse excites an untuned, corresponds to t = 0 where t is the time in usec. A
highly damped ceramic transducer with center fre- is the incident pulse whose position is shown 3.5
quency of 10 MHz. The ultrasonic pulse (pulse usec before it hits the interface. B and D are the
length n 1 usec) which is produced contains a broad T and L waves at t = 1.5 usec after they entered the
band of frequencies. Ultrasound scattered by the sample. With the illustrated configuration only the
target is received by either (1) the transmitting L wave will interact with the cavity. At a later
ransducer (pulse-echo) or (2) a receiving (identi- time, at t - 4.5 vsecs F and G are the scattered T
cal) transducer (pitch-catch). The electrical pulse and L waves and are clearly separated due to their
produced by this receiving transducer is amplified differing velocities. C and E are the positions of
by a wide bandwidth gain stage. A stepless gate is T and L waves at t - 4.5 isecs not interacting with
used to select a portion of the received signal for the defect.
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TRANSMITER.

SCATTERED T WAVE1
WATER INCIENT L WAVE REC POI ION

'INCIDENT L WAV E

ICNC

Fig. 6. Experimental Technique ,

TRANSMITTER RECEIVER.

Fig. 8. Multiplane Ultrasonic Goniometer.

the crack) is considered the transfer function.
A Figure 9A shows the RF signal transmitted (nor-

mally) through a 2.5 cm thick parallel flat smooth
titanium (flawless) disk immersed in water. There

SOLID is usable energy through the frequency range from
1.5 4.52 to 15 MHz. The amplitude spectrum shown on

Fig. gB is the transfer function of the system.
TIMES IN psec The spectrum of the scattered wave is then divided

c 4.;- DEFECT by this transfer functicn.

4.5

Fig. 7. Time Mapping of Transverse and Longitudinal
Waves before and after Interaction with Defect.
(A) Incident Wave in Water; (B) and (C) Trans-
verse Waves; (0) and (E) Longitudinal Waves;
(F) Scattered Transverse; (G Scattered
Longitudinal.

A specially designed goniometer is used
(Fig. 8) to mount the transmitter and the receiver.
The position of both transmitter and receiver in
polar angle can be changed separately. A special
feature of the goniometer is its flexibility of
keeping the polar angle fixed and varying the . .

azimuthal angle. This latter feature is especially
Important for elliptical cracks because of the
asymmetry in the scattered field along the different n.u 4.0 8.0 . 20.0
axes of the ellipse (see Figs. 2 and 3). FOQUENcl (MHz)

The selection of the polar and azimuthal angles Fig. 9. Transfer Function. (A) RF Signal;

were so that the data could also be used by (B) Amplitude Spectrum.
Adaptronics's data base for inversion (see their
results in this report). RESULTS

Data Correction. in order to analyze the experimen- 3-Dimensional Display of the Experimental Data. The

tal results based on the analytical prediction the diffracted wavefors have been processed, stored,

effect of the transducers and the crack had to be and collected from different points in space and

separated. In a linear time invariant system this displayed in a 3D fashion to obtain an overall view
is done in the frequency domain by dividing the fre- of the diffracted field due to different cracks.
quency response from a system by the so-called Typical displays are shown on Fig. 10 where the
transfer function. In this problem the spectra of diffracted amplitude vs. frequency and azimuthal

the transmitted signal through the material (without angle by 15
° intervals from major to minor axes is
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shown. The ellipse is 2500u x 1250p and the high frequencies than predicted by theory.
incident wave is normal to the crack. The polar Similar results are shown for the case of the 600
angles were 52' and 60°. The amplitude of the polar angles (Fig. 15).
scattered wave is higher toward the major axis as
was predicted by the theory (Figs. 3 and 4).
Another feature of the diffracted field is shown on RADIUS - 2500,
Fig. 11. The amplitude is plotted vs. frequency and SCATERING

polar angle for three cases when the receiver is ANGLE -45"

placed along the minor axis along 45" and along the - THEORETICAL

major axis. The polar angles change from 30* to 0 0 0 EXPERIMENTAL

60° in 5° intervals. The elliptical crack's dimen-
sions are 2500P x 612v. Although these 3D plots
are very useful to obtain qualitative features of
the diffracted field, the comparison between experi- oment and theory was carried out in 2-dir:ensional /

displays. 0

0

2.00 4.00 6.00 8,00 10.00 12.00 1i.0

#~L~L ongitdinal FavE:UECY (MHz)
Fig. 12. Amplitude Spectrum of 450 Scattered

,RA U, 2500j

ANGLE -

- T,4O0ETICAL

Fig. 10. Experimental Amplitude Spectra of Normal 0 00 E.oiooMENTAL
Incidence L Wave Scattered from a 2500v xnI
12ig O Elliptical Crack in Titanium.

Comparison between Theory and Experiment. The
experimental data have been normalized (divided by
the transfer function, Fig. 98) and the diffracted

amplitude is shown vs. frequency for the penny-
shaped crack of 2500L radii. Two different polar 0
angles, 45* and 55, are shown on Figs. 12 and 13.
The solid curve is calculated from Eq. (3) and the v
dots are experimental points. The agreement is
good for the lower frequencies. For higher fre-quencies the attenuation is significant in water and 2.00 u n 6.00 8, On in-nn 1.00 14. D
theory does not include attenuation. FREQUEc (MHz)

Fig. 13. Amplitude Spectrum of 550 Scattered
On Fig. 14 the experimental data is compared to Longitudinal Wave.

theory for the 2500p x 1250p elliptical crack. The
data are displayed when the receiver is along the Determination of Crack Size. The periodicity of the
minor and along the major axis. The receiver's amplitude spectra gives very good agreement between
position is such that the polar angle is 30*. The experiment and theory which is the basis for
agreement with theory is very good for the inversion. On Table 1 the result of inversion is
periodicity but the measured amplitudes are lower at shown for the penny-shaped crack for different

ALONG MI AXIS ALONG 4s5 A AXIS

Fig. 11. Experimental Data for L-L Scattering from a 250O, x 6251 Elliptical Crack.
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Fig. 14. L-L Scattering from an Elliptical Crack.

0 ~i~ °.. ...... 0 .

0
0
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00000

Fig. 15. L-L Scattering from an Elliptical Crack.

Table I

Result of Size Determination from the Spectral
Components of the Diffracted Wave is the attenuation in water. At a water column of

15 cm (the distance between the sample surface and

Measured Radius of the receiving transducer) the attenuation is

Scattering e[ Angle f the Crack in .033 f2 dB, where f is in MHz. Because of the
L max square dependence in frequency the effect of

35 2.18 2530 attenuation is more dominating at higher frequen-40 2.17 2630 cies. We have corrected the theoretical curve with
45 1.83 2450 attenuation as shown on Fig. 16. The solid line is
50 1.68 2460 the theoretical curve without attenuation. The

55 1.60 2410 theoretical curve with attenuation correction
b0 1.47 2500 (dashed line) agrees much better with experimental65 1.39 2510 data points. The effect of the attenuation in the_ 5 1.39 2510 titanium is less significant but it appears that

the complete report should include the effect of
polar angles. The largest deviation is less than attenuation in both the solid and in water to calcu-
5% between measured and actual values of the 2500u late the diffracted field due to cracks.
circular crack. The result of the inversion for the
elliptical crack is given in Table 2. From several Table 2
angular measurements the averages were taken. The
major and minor axes are calculated from Eq. (4) and Determination of Major (B) and Minor Axis (A) of
compared to the actual values. The agreement is good Elliptical Cracks in Titanium from Scattered

except for the case of the major axis of the 8 to 1 Amplitude Spectra
aspect ratio ellipse. The signal along the major
axis is too noisy to be meaningfully analyzed in the B n Microns (A) In Microns
frequency domain. Additional data for nonnormal Actual M easured Actual Measured
cases have also been taken and sent to Adaptronics 2500 2498 2500 2498
for their data base (see details In this report). 2500 2587 1250 1291

Correction for Attenuation. The agreement between 2500 2358 625 830
theory and experiment for the periodicit, in the 2500 -- 312 285
amplitude spectra is very good. The theoretical
prediction of the amplitude values for the higher
frequencies are consistently larger than is observed
experimentally. It appears that one of the reasons
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Fig. 16. L-L Scattering from an Elliptical Crack
with Attenuation Correction.

SUMMARY

Experimental studies of the diffraction of
elastic waves from elliptical cracks have been
carried out. The diffracted amplitudes were
measured in a broad range of frequencies as a
function of polar and azimuthal angles for cracks
with various eccentricities. Key parameters were
identified such as periodicity in amplitude spectra,
totol scattered power to aid the inversion process.
From the experimental data the major and minor
axes were determined with good accuracy by using
simple expressions obtained from diffraction theory.
The diffraction theory calculations accurately pre-
dicting the periodicity of the amplitude spectra
were observed in the experiment. The amplitude
values at higher frequencies are predicted too high.
This can be corrected by the attenuation of the
diffracted waves in the water column.
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LASER DETECTION AND IMAGING TECHNIQUES FOR SURFACE EXAMINATION

S. Ameri, E. A. Ash, U. Htoo, D. Murray and H. K. Wickramasinghe
University College, London

Torrington Place, London, WClE 7JE

ABSTRACT

A coherent laser probe provides the basis for tne recording of complex SAW distributions. Using
three or more scans, the surface wave velocity can be deduced with an accuracy of a few parts in 10
Such measurements are sufficiently sensitive to deLect small changes in surface characteristics; as
an example, results will be presented on the effect of doping a Si surface. It is also possible to
improve the accuracy of the basic elastic constants of the material by reference to the velocity
characteristic. Of particular importance Is the lict that this technique provides evidence on the
effective value of these constants close to a surface; it is, therefore potentially useful for
surface layer characterisation.

Surface defects can be detected by means of scattered waves in both the forward as the reverse
directions. In principle, either can be used to "imane" the defect. Using both these components, the
defect size and location can be determined with improved accuracy.

1 INTRODUCTION

The detection of defects using surface acoustic demonstrated the generation of significant a usti
waves is normally based on the observation of powers in the 0.8 GHz frequency range. The
scattered waves, using either the transmitting generation of these waves is heing studied using
transducer in a receiving mode, or an additional a numerical technique for determining t,. !-rdture
transducer dedicated to the reception role. In and, hence, stress distributions 2 . :F the
most cases, there is a concentration on the remainder of the paper, we will confine uuiselves

_i:,: u J of received pulse signals. It i, to a discussion of the laser as a receiving senso,.
usually difficult to explore many different
locations with the transducer(s). To some An immediate application of the laser probe is tc
extent, the limitations of fixed locations can be the evaluation of the velocity characteristic of
overcome by resorting to frequency variation - a surface. The basis of the method ,ill be briefi.
which provides a change in the normalised described in section 2, and some recent results
distances. These effects may, however, be over- are presented in section 3. It turns out that the
laid by the frequency dependence of the technique is capable of achieving a very high
scattering function of the defect itself, accuracy - of the order of a few parts in 10'

.

This is an improvement by about two orders of
An alternative approach is based on the use of magnitude on the precision which can be achieved
cw or pseudo-cw illumination, coupled with the by computation based on the best available data
measurement of the Z,, x field distribution of materials constants. It suggests that, perhaps,
along one or a number of scan lines. At low one might be able to improve our knowledge of
frequencies, particularly below about 2MHz, one these constants by working from SAW velocity data
can hope to obtain a faithful record of such a Lao.: to the constants This process has been
field distribution using a stylus sensor applied to LiNbO., and the conclusions will also
However, even at these frequencies, there are be presented in section 3.
great benefits to be derived from the use of a
laser probe, acting as a "non-contacting" sensor. The detection of defects using laser probing
Moreover, laser probing techniques can be techniques involves the evaluation of scattered
extended to very high frequencies - our own waves from the defect One can use these to
experiments have reached 150 MHz and stopped "image" the defect, if this is sufficiently
there for lack of immediate application, rather large. One can, alternatively, as in usual
than any formidable technical problems. In this scattering experiments, deduce a great deal of
paper, we will present some of the techniques information about the defect without attempting
of surface characterisation which can be the reconstruction of an image. The basic approach
implemented using such a laser probe, is outlined in section 4, together with some very

preliminary results obtained with some simple
It would be particularly attractive if it were deliberate "defects".
possible to devise a non-contacting source, to
complete the inspection system It is, of The potential role for laser probing techniques in
course, well known that a high power pulsed NDE is briefly discussed in a final section
electron or laser beam can generate intense
acoustic waves; a number of groups are seeking 2. LASER PROBE VELOCITY MEASUREMENT TECHNIQU1ES
to exoloit this phenomenon. The idea has been
given further credence recently by the emergence The laser probe has evolved over a number of years
of photoacoustic microscopy 0li, which f3 , 14 . The basic optical and electronic
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systems are shown in Figs. 1 and 2. The accuracy which can be obtained by this
technique may be limited by the performance of
the laser probe, or, by the maximum available size

reference mirror of sample. Under optimum conditions, we have
isolator achieved a repeatability accuracy of about 2:10

eke obsober With this precision, one eicounters a number of
variations in aterials w.iich, under normal
circumstances, one would regard as beyond

reproach. There is, for example, now some
z evidence that there are variations in thecral velocity of both quartz and LiNbO, which are of

potential concern to SAW device manufacturers.

x The measurement technique works equally well on

c nphse SAW piezo electric as on non-piezo electric materialscorner (2fh-an reference substra e In the latter case, one encounters the problem oftransduction. We have solved this in some cases
by butt-jointing of a pifzo electric material,

Fig. 1 Schematic of phase sensitive laser probe, but, more frequently, by resorting to the liquid
coupling technique 51; indeed, this technique

tuned is so simple to use that we now tend to employ itlaser a mplifier Iphase
berm 4 p refeence even for piezo electric materials - thereby

saving the need for the photolithographic
definition of a transducer pattern.

[14 tt!---L _\ e C' 3. VELOCITY MEASUREMENT RESULTS

vid ~ lock ;n We have carried out a large number of measurementsnea r on LiNbO3 in view of its importance to SAW

devices, A particular concern has been the
precise curvature in the Z-direction for Y-cut

A ID convertor material, as this controls the diffraction rate.
Fig. 3 shows a particularly precise result

coo --le computer obtained over a range of angles very close to the
Z axis.

Fig. 2 Block diagram of electronics for
recording amplitude and phase of SAW :38J
distribution.

The probe is driven by computer controlled 3H87
stepping motors. It can be positioned with an
accuracy of about l, and can measure the phase
of the surgace wave displacement with an accuracy 34 r
of about 3.

The technique of velocity measurement is based on 34ES
a comparison of the complex distributions
measured along two scan lines, Uo (x) and Ui(x). Y-CNJT LIN603
If the wave vector in a direction making an angle .. . ..
e to the z axis is k(o), we can define the spatial -1 0 1 2
frequency spectrum fo(, ) by

Fig. 3 High resolution velocity measurement for
fo( ) = U(x)exdx YZ Lithium Niobate.

0 k(e) coso Fig. 4 shows a result obtained with the liquid
coupler on a sample of (111) Si. The experimental

The function fi(a) relating to the distribution result is compared with a computed curve based on
Ui(x) is similarly defined. In the absence of book-values of the elastic constants. The
any defects between the scan lines, the amplitude maximum deviations here are of the order of 2:10'
of the spectra differ only by an attenuation and attributable to the limited accuracy of the
constant. However, the phase difference depends elastic constants.
on k(o); given fn(a) and fi(a), the variation
k(e) can be derivd - given only a single value,
such as k(O). In this form, the method is,
therefore, relative. It can be made absolute by
resorting to three rather than two scan lines {4),

3S5



In attempting to deduce the elastic constants frol

Ili CUT BILIC13N SAW velocity data, one technique is to obtain a
measure of the deviation between the experimental
and the calculated curve - for example, by
calculating a mean square deviation integral. One

V can then resort to an optimization method,
thereby perturbing the elastic elements until the
error integral is minimised. The computation
which would be involved in applying this technique

/ MESSURED directly would be prohibitive. The prooram we
are using - originally devised by Slobodnik, and

......- COMPUTED subsequently modified by P. LaGasse - is

efficient but still requires minutes rather than
seconds on a large computer for a single curve.
We have, therefore, found the gradients of the

FNOLO rRDM I O-4XIU4D W) velocity characteristic with respect to all of the
n W 2 w 36 ms relevant elastic elements by numerical different-
0 iation. We can then use these gradient functions

to linearize the optimisation method. This
procedure works very satisfactorily. However,

Fig. 4 Measured and theoretical velocity there is a more fundamental problem in the fact
characteristics for (Ill) silicon that the problem appears to be rather unstable in

the face of the inevitably finite accuracy of the
Of greater interest to application is the data and the subsequent computations. We have,
variation in velocity arising from variations in therefore, found it necessary to be very selective
doping density. Fig. 5 shows the effect of N- in the elastic elements which we are seeking to
type doping on a relatively high resistivity improve. This selection is based on establishing
sample of (100) Si. The figure also shows the the "strength" of an element - effectively the
effect of an oxide layer 0.3D in thickness. We magnitude of the gradient funtions; further,
are embarking on a program to establish the valuE we define its "effectiveness", being a measure of
of this technique for characterising the surface its potency in reducing the discrepancy between
preparation as well as doping levels for Si wafers, the computed and the experimental data. If w:

confine our attention to those elements which are

I L_ I CNboth strong and effective, we are ablc to deduce
revised values for the constants which stand up to

Sindependent checks. These considerations have
led to the following proposed changes:

Li SLOBODNIK % CHANGE

U1 C 20.3 X 1010 N/m2  - 2.3

. . .C 1.3 X 1010 - 2.4

FROPMPOT ION FINML < 1> C 2
Fig. 5 Effects of surface perturbations on the

velocity characteristics of (100) 0.9 X 1010 -19.0
silicon: C14
a) P type 3 ohm-cm
b) N type 0.01 ohm-cm
c) P type, 3 ohm-cm with 0.3 micron

oxide layer

3.1. Deduction of Elastic Constants
The effect of using the revised values are

The very precise velocity data encourages their indicated in Fig. 6. The result is encouraging -

use for improving the knowledge of the elastic but one is left with an uneasy feeling that, given
constants. It is important to appreciate that three parameters to adjust, the mere fact of a fit
this technique - if it can be successfully is, perhaps, less than conclusive. To sharpen the
applied - establishes the value of these criterion, we then measured the velocity for Y-cut
constants in a thin surface layer. It is, LiNbO3 near the X direction and used the revised
therefore, a technique for measuring the elastic elastic elements as tabled above - which have been
constants of thin films - which it would be derived purely on the basis of experimental results
almost impossible to establish by the classical near the Z direction.
techniques.
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automated; the procedure would be to calculate
Y-CUT LINBD3 the field distribution in successive planes, in

. .PT I M I ZED each looking for amplitude or phase gradients
EXPERIM NT exceeding a prescribed theshhold.

'z 1  z z2
8 A Z

INPU---
0 - 1 - 4 1 2 28 BEAM defect

Fig. 6 Experimental, theoretical and optimised
velocity curves foroY cut Lithium Niobate
over the range ± 15 about Z.

It is seen in Fig. 7 that the improvement in the
computed curve is very convincing. We believe, Fig. 8 Recording configuration for defect
therefore, that the values indicated do represent characterisation.
a distinct improvement on the previously known
values. If, in the first instance, one is content merely

to establish whether or not there are any defects,
3.a Y-CUT LIN i3 one can avoid the need for the back-propagation

altoqether. It suffices to record two scans, one
at AA', the other at 38'. In the absence of any

3 defects, the spectral density of the two scans
VN would be identical. The probability of a defect

3between the two scan lines would then be assessed
\by forming:

" \jfA(a)fA )fB (l fB(')}d,

. . ....... OPTIMIZED = fA(c~fA((%)d
3, .C - EXPERIMENT

The limitation of all these techniques - the
smallest detectable defect - lies in the

RNSLE rROM X-RXIS<D > attainable signal to noise ratio as also in the

-0 30 win signal to spurious ratio. The former is capable
of indefinite improvement, if only by increasing

Fig. 7 Comparison between the experimental integration times. The latter is more fundamental;
velocity curve and the computed curve for example, reflections from the side of the
obtained using the revised elastic sample, and the incidence of bulk waves are
constants for YX Lithium Niobate. major sources of difficulty. This suggests that

one might be able to effect an improvement in the
4. DETECTION AND SIZING OF SURFACE DEFECTS detection ability if one could, in some way, make

a comparison between samples which differ only in
We can illuminate a surface with a wide beam, and the incidence of defects. We have shown, {6 that
then examine the complex field distribution along in principle, this approach can lead to a much
a scan line, such as AA', Fig. 8. Given a greater detection sensitivity. The experiment we
sufficiently accurate knowledge of the surface conducted was designed tc detect a "defect"
wave characteristic, we can then reconstruct the consisting of a gold dot, 

30u in diameter, and
field distribution at smaller values of z. If 4000Ao in thickness. Fig. 9 shows the
there is a defect at zd, a reconstruction at that distributi ons ong the scan line f' and 9(b) its
position will reveal a pattern with much sharper backward reconstruction in the plane of the defect
gradients than could arise from the source alone. - which is clearly not resolved; The comparison
In principle, this system can, therefore, serve to with a defect-free sample was effected very simply
locate defects, and, if sufficiently large, provide by removing the gold dot. The complex distribut-
some information on their size. It is worth ion now measured along AA' was subtracted from the
emphasising that a single scan near the far end of first scan, and the dif'r. ,'c reconstructed in
the sample contains all the information required, the plane of the defect, Fig. 9(c). The defect
provided that the signal to noise ratio is is now clearly resolved.
sufficiently large, and provided that the density
of defects is sufficiently low. Moreover, the
search for defects can, to a large extent, be
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(a) The experiment as described is somewhat artificial.
However, it is possible that with some modifications
the basic technique could be used to search for
defects in components, given one component known
to be defect free. The approach is reminiscent of
ultrasonic spectroscopy 71, where the vibration
spectra of components are compared with that of a
standard. However, it would obvicusly be advantag-
eous if it were possible, in some way, to derive
the comparison standard from the component under
test. These considerations have led us to a some-
what different approach, in which we record thre
scans instead of one which, as we have seen, under
idealised circumstances should suffice.

The basic approach is as shown in Fig. 8. The
defect is illuminated by an incident wave having a
spectrum I(a). In principle, it would be possible
to measure this directly by recording the field at
z=O, if we could devise an attenuating section
starting just above z=O, and which could wholly
absorb the surface wave before it reaches the

X defect at z=zd. In fact, it is, in practice, not
difficult to do this. However, we can avoid the

(b) necessity for such a manoeuvre by recording theJI field at z=zl, z2 where z, c zd < Z2. If the
defect extends over a sufficiently small range of z,

it will give rise to a perturbation of the
iplp I incident wave field, which can be rigorously

described in terms of a scattered wave spectrum
i~I s(a) in the region z , z and a reflected wave

spectrum R (a) in the re ion z < zd. If the
spectra recorded at z=O, zI, z2 are fo,,, (-)
we can then write:

fo(u) = I(a) + R(a)

fl(a) = I(a)e3J(a)zl + R(a)ej6(a)z1

f2 (a) = l(a)e
-j

e
(
.
)z
, + S(a)

where we have chosen to define R(a) at z=O and S(a)
at Z=Z2. We can then readily solve the equations
for the three spectra. Supressing the a-dependence

X I = fo 0 J(f0
e- jol- fi)

2 sino,

JIR = j F0e 3el - fl

2 sin e1

S = f2 - f0e-j 2 * j(foe 'j()I+02) - fle-j o,')

2 sin o6

It is at once clear that we must avoid values of z,

that will make sinei= 0. The optimum choice of z
depends on the precision of the measurement of
distance, the accuracy with which we know O(a) and

X also the range of (+) with which We are concerned.

A simple error analysis indicates that the optimum
Fig. 9 Reconstruction of defect choice is given by ol= (n+f)l with n-0 or 1 in

(a) Hologram with defect most cases. In some circumstances, it may be
(b) Reconstruction of (a) advantageous to utilize an additional scan line to
(c) Reconstruction after background reduce the errors when unfavourable values of o,

subtraction are encountered,
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.n principle, one would like to make z2 as large as zj= 45p, (i.e. O.bx), arid z,- 1,--w ki.u,. i-,).
,ossible - if only to effect a search for defects !e obtained additional control on the angular
ver the largest possible region. In practice, spectrum of the illuminating wave by restricting
,re will be limited, as always, by signal to noise the aperture on the substrate using a wax barrier.
:unsiderations but also by the limited accuracy of
ur knowledge of 6(.), If we require a phase In order to obtain some measure of the available
ccuracy of .s4 for the scattered spectrum S, we ,ynamic range, we carried out one test without an),
equire ,Sb-(z 2-zj) < This implies that -.efect. Fig. 10 shows the result for I, S and R.
z-z l) expressed in the number of wavelengths N, t is seen that the average level of the spectral

should be limited so that tensity for R and S is about 30 dB below that of I;
we should be able to detect scattered waves which
exceed this level.

0

If the velocity error is only 3:105, if 6,= 0.l,
the maximum value of N is around 500, We see that -I

a very accurate knowledge of the velocity is a
prerequisite to the use of these techniques. -0

As has been pointed out by a number of authors {8W,
a knowledge of the scattered spatial spectrum can N _30.

give a good deal of information about the shape and Ix
size of the deect. Varying the frequency over a -
substantial bandwidth (91, can provide further
i formation on the depth of a defect. In -SM
cddition, we must, of course, also establish its
ocation. In principle, one can readily back-
1ropagate the S wave or forward-propagate the R 0
.;ave. The reconstruction of the field in this way F-vUENCY <C.P.MM. >

-emains valid only up to the defect in each case.
If, however, one uses some simple criterion, such Fig. 10 Determination of I, S and R for a
as the position of maximum amplitude, it should be surface with no defect.
possible to estimate the location of the defect.

As a further test on the meQhod, we took the
In the case of a defect which is thin in the Z- experimental data which led to Fig. 10 and
direction, both the S and the R reconstruction will modified the spatial distribution measured at
provide an image of the defect which, in principle, z=z 2 by reducing the amplitude to zero over a
is as perfect as the limited spatial bandwidth distance of 512j, Fig Ila. This essentially
allows. The two reconstructions should be identical stimulates a totally absorptive defect located at

at the defect. If, therefore, one were to carry z=z 2 . The calculated scattered wave is shown in
out a correlation between the back-propagated S Fig. llb. The location of the first zeros accords
wave and the forward-propagated R wave, at various with expectation for a "defect" of this width.

positions in z, the correlation should peak at the
location of the defect. For such defects as give
rise to sensibly similar signal levels in the S E.2E0 MP ITUDE
!nd the R waves, this correlation criterion can be (a)
expected to provide substantially greater accuracy
in the location of zd.

,here is a further technique for locating z which
we intend to explore. If we measure the spgctrum
of S at z=z 2 at a particular frequency, and then
remeasure it at a slightly different frequency, in
addition to the large global phase shifts which will
be imposed on the spectrum as a whole, there will he
a differential phase shift between various angular
components of S( *). This differential phase shift 3.4 03PPS
is directly indicative of the distance of the
source i.e. of the defect. From such a measurement,
one can deduce the location of zd unambiguously in
the case of a point defect. In the more general
case, the deduction is necessarily less precise -

but can be expected to give results with an
accuracy comparable to the size of the defect.

4.1. Experimental results

We have carried out a series of experiments on

fused quartz substrates, at a frequency of 60 MHz
The waves were launched using the liquid coupler
technique. In most of the experiments we made
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0

-12

-Mo. -2L

-2 0 H-H .- 0 2 A H
PRCMUE:NcY <C.R.MM,> rRCMUENCY <C.P.MM, >

Fig- 11 Sizing of simulated defect Fig. 13 Length determination of a rectangular
(a) spatial distribution of field just slot defect,

behind defect
(b) the calculated scattered spectrum.

0

The first physical defect which we have explored
consisted of a hole 125p in depth and 600, in
diameter. The S and R spectra are shown in Fig. _IM

12. Again, the location of the zeros in S are
roughly in accord with expectation for a defect 20
of this size.V

_HMO

-2 R

FNREUENCY <C.P.MM. >

Fig. 14 Width determination of a rectangular slo!
defect.

dCONCLUSIONS

-H - 0 E H s The use of laser probing techniques for precisin
FRCERLIENCY < C -.MM, > velocity determination is well established. The

accuracy achieved is such that it encourages an
Fig 12 Sizing of a circular shaped defect, extension of the range of applications in three

distinct directions. The first is towards surface
Finally, we have carried out experimonts on a characterization for both piezo and non-piezo
rectangular slot defect (0.5mm x 0.3nmm) in both electric materials. Secondly, it leads to an
broadside and end-on orientations. The results improvement in the determination of elastic
are shown in Figs, 13 and 14 respectively. In constants of materials - a technique which is of
general, the spatial frequency bandwidth unique relevance to the determination of the
corresponding to the main lobes in S and R must elastic constants in thin films. Finally, it
equal twice the inverse width of the defect, This permits the detection, sizing and location of
predicts the length of the defect in Fig. 13 and surface defects.
the width in 14.

The examination of this third application is only
The reflected spectrum in Fig 13, however, did just beginning but looks very promising. It 0,
not provide useful information, as it was within imediately clear that the method is effe(tiv oi
the noise level of our system, highly polished planar samples where hiqh frequen,

probing is relevant. We believe, however, that t,
method is also capable of extension to lower
frequencies and less idealised surface,.



ACKNOWLEDGEMENTS

The authors are most grateful to Mr. G. Nicholls
who has contributed greatly to the electronic
design of the probe and to Mr. M. Gillette for
assistance in the mechanical construction.

REFERENCES

{l HoK. Wickramasinghe, R.C. Bray, V. Jipson
C.F. Quate and J.R. Salcedo, "Photoacoustics
on a Microscopic Scale", Appl, Phys. Lett 33
(11), 1 December, 1978, pp. 923-925

12) C.R. Petts, unpublished work.

(31 H.K. Wickramasinghe and E.A. Ash, "Optical
Probing if Acoustic Surface Waves - Applicat-
ion to Device Diagnostics and to Non-
destructive Testing", Proc. of MRI Symp. on
Optical and Acoustical Micro-Electronics,
Polytechnic Inst. of New York, April 1974,
pp 413-431.

141 D.K, Murray and E.A. Ash, "Precision
Measurements of SAW Velocities", Proc.
1977 Ultrasonics Symposium, pp. 823-826.

(51 B.T. Khuri-Yakub and G.S. Kino, "A New
Technique for Excitation of Surface and
Sheer Acoustic Waves on Non-piezo electric
Materials", Appl. Phys. Lett., 32(9), 1 May
1978, pp. 513-514C

161 EA. Ash and H.K. Wickramasinghe, "Background
Subtraction in Surface-Wave Holography",
Elect. Letts., Vol. 11, No. 22, 30th Oct,
1975, pp. 526-527.

(71 O.R. Gericke, "Ultrasonic Spectroscopy,
Research Techniques in NDT", Academic P
1970, pp 31-61

18 B.R. Tittman, 0. Buck, L. Ahlberg, M. de Bill-,
F. Cohen-Tenoudjui, A. Jungman and G. Quentin,
"Surface Scattering from Elliptical Cracks
for Failure Prediction", Proc ARPA Conf.
on Review of Progress in Quantitative NDE, July
1978, pp. 132-141

S. Ayter and B A. Auld, "Characterization of
Surface Wave Scattering by Surface Breaking
Cracks", ibid pp. 126-131

B.T. Khuri-Yakub, G.S Kino, J.C Shyne,
M.T Resch and V Domarkes, "Surface Crack
Characterisation: Geometry and Stress
Intensity Factor Measurements". ibid.

G S. Kino, "The Applicaiton of Reciprocity
Theory to Scattering of Acoustic Waves by
Flaws", J Appl. Phys , 49 (6), June 1978,
pp 3190-3199.

'9 V Domarkes, B.T Khuri-Yakub and G.S Kino,
"Length and Depth Resonances of Surface Crack ,
and their Use for Crack Size Estimation",
Appl. Phys. Lett. 33(l), 1 Oct 1978, pp
557-559

391



SUMMARY DISCUSSION

(Eric Ash)

Gordon Kino (Stanford University): Maybe I missed it, but it's impressive that the
forward wave scattering - the effect is much larger than the reflection. And
it's always very difficult with a straight transducer to make that. What do ye
attribute the big effect to?

Eric Ash: We have used rather crude defects. If you imagine a defect as essentially
just absorbing everything that hits it and you create a gaping hole in what
would have been the forward-going wave, and in our imitation you simply represent
this by the negative of the missing amplitude, which would be a larger phase
where as if the wave is essentially absorbed and converted into bulk waves.
Obviously, a lot of the conversion will be to bulk waves. We don't see that in
the reflected wave.

Gordon Kino: But basically you seem to be receiving converging waves?

Eric Ash: Yes. It is quite possible, of course, to calculate the bulk wave loss
from the point of entry.

Donald Thompson (Science Center): Do you have a special requirement on the reflec-
tivity on the surface in order to get good pickup?

Eric Ash: The more reflective it is, the better. But just to give you an example,
we have done experiments on ordinary smooth, ground stainless steel. We cer-
tainly have no problem in doing it on lithium niobate without any metallization,
but it's a signal-to-noise issue.

Donald Thompson: I was wondering in particular how bad cc.'A the surface be and still
have a reasonable signal-to-noise ratio?

Eric Ash: We really haven't tried any experiments with very s2d surfaces, but it is
a signal-to-noise ratio issue, and we have a great deal of signal-to-noise ratio
to spare. There are--I won't go into details--things that we could do to
increase the signal-to-noise ratio. If it's too rough, of course, eventually
you will start to get

Don Yuhas (Sonoscan, Inc.): What sort of variation do you see in, say, the typical
silicon wafers, or silicon? I don't know if it's wafers or not. You described
the ten meter per second variation as being due to doping. Did you pick up a
handful? What sort of variations?

Eric Ash, I'm afraid we just simply haven't picked up a handful. That's one of the
things we wanted to do. We have just done a very small number of experiments
so far.

Ed Kraut (Science Center): Eric, I would like to ask you: when you started out your
talk, you spoke about lithium niobate and the surface wave loss in lithium
niobate. You mentioned the matter of C.I.J.'s, the elastic constants. You
didn't say anything about the question of the piezoelectric constants or
dielectric constants in lithium niobate which also enter into the surface wave
velocity determination. Did you also consider possibilities of errors, small
errors, in the piezoelectric constants as well?

Eric Ash: We have tried this. We have looked at the gradients with respect to the
piezoelectric constants, and we are convinced they haven't seriously come into
what we have done so far. We would like to find them. And we propose to do
this by doing essentially delta V over V tests which will isolate them specifically.
As far as the dielectric constants are concerned, I don't know whether we have
ever calculated that. I think we were rather hoping they were good enough.

Ed Kraut: One other question. The laser technique for velocity measurement on
surface waves was used a number of years ago, also, for example, by Eric Lean
in studies of harmor.ic generation on lithium niobate. Could you contrast the --

I don't know what accuracies they were dealing with there, but I would like to
ask you what the relative accuracy might have been?

(continued)
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Eric Ash (discussion continued)

Eric Asht The kind of probe that Eric Lean was using was different in principle
because it's a diffraction probe; it has to have a spot size which extends o'ver
a number of wavelengths, and I think I'm right in saying that he has used it
exclusively for amplitude measurements. But, I mean, you can make the thing
phase-sensitive. In contrast, our probe here, we focused to something in the
experiments we have been describing as probably less than a tenth of a wave-
length. I think it would be very difficult to get the phase accuracy, which
is really the fundamental measurement we're making here, using a diffraction
probe.

Don Yuhas: There's a detection scheme that's used in acoustic microscopes that works
essentially the same way, although the optical detection scheme is quite
different. But you can get the same phase accuracy.

Eric Ash: I'm not sure you're going to get the same phase accuracy. You certainly

can get the same determination.

Don Yuhast The spot is focused down to the same size.

George Herrmann (Stanford University); I was wondering whether you used your techni-
que to determine applied stresses quantitatively or whether you think it might
be suitable.

Eric Ash: I was intrigued to hear this stuff from yesterday. If one gets the effect
of the order of ten to minus four, we shouldC never see them.

#3#
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ON THE RESONANCES OF SURFACE BREAKING CRACKS

S. Ayter and B. A. Auld
Edward L. Ginzton Laboratory

Stanford University, Stanford, California 94305

ABSTRACT

The resonance phenomenon observed in Rayleigh wave scattering from surface-breaking cracks has been
investigated using Freund's results on reflection of Rayleigh waves from an infinite crack edge. To model
the crack as a section of acoustic waveguide, resonances are treated as standing waves in the length and
depth directions. The model takes both faces of the crack into consideration, and this makes it possible
to explain the observations of all order resonances in the length direction for excitation by a Rayleigh
wave beam at normal incidence. Calculations are made for rectangular and half-penny shaped cracks and
differences between the two cases are discussed.

INTRODUCTION side of the z = 0 plane. They are denoted as the
z+ and z- faces. Let a Rayleigh wave on the z'

One of the sources of data for the estimation face be incident obliquely on the edge, its propa-
of dimensions of surface breaking cracks is their gation vector lying at an angle 0 with the crack
frequency response. Experimental results have edge (y-axis). The incident wave will yield two
shown that crack response shows resonance-like scattered surface waves, one on each face of the
variations in the short wavelength regime. 1 ,  Some crack. Bulk waves will also be radiated into the
of those variations were found to be associated medium outside the crack when the angle of inci-
with the length and depth of the cracks,2 however dence 0 is large enough. Of the two scattered
previous interpretations fail to explain the ob- surface waves, the one on z+ face will be called
servation of all order length resonances for a sym- the reflected wave (with reflection coefficient
metric excitation in length dimension. Such inter- R(O)) and the one on z- face will be identified
pretations take only the illuminated face of the as the transmitted wave (with transmission coeffi-
crack into arcunt, neglecting the effect of its cient T(O)). The reflection and transmission coef-
back face.1,2, 3 Freund has demonstrated in Refer- ficients are defined in terms of the component of
ence 4 that the crack edge couples the fields be- particle displacement in the z direction.
tween the front and back faces and the coupling
parameters have been calculated. Using those pa- Using the three-dimensional representation
rameters, he also showed that an infinite slit theorem due to deHoop, Freund solved this scatter-
structure can guide waves if the edge separation is Ing problem and calculated the parameters R(0)
wide enough and he derived dispersion relations for and T(O) .4 When the angle of incidence
the modes of this structure.5  In this study, these 0 < OCRS = cOs-(VR/VS) , (VR - Rayleigh wave
calculations are reviewed and a model is proposed velocity; VS - shear wave velocity), the incident
for surface crack resonances, using the waveguide wave cannot excite propagating bulk waves and all
modes obtained from the calculations, the power is scattered into surface waves on the z

and z- faces. That is
RAYLE-IGH WAVE PROPAGAT-ION IN TWO DIMEN-SIONS R()2 +,Tn 2 =I fo 9(3R()

2
+ IT(o)I

2 
= for P! < nC, (3)

A surface wave, traveling on the plane defined CRS
by x and y axes and decaying in z direction In the same angular region, the phases of the
can be expressed in terms of its cgmponent along reflection and transmission coefficients satisfy
the decay direction (z-axis).only. The particle the following relation,
velocity component along the decay direction then
can be written as t(n) = arg T(o)- arg R(o) = 2 for (III's0 4)

V (xyz) f(z) V (x,y)e it (1) For 0 > 
0CR S the incident wave is able to

excite radiating shear waves which can carry energy
where Vz(x,y) satisfies the two-dimensional re- away from the crack edge; and, for F' - Cr
duced wave equation cos-' (VR/VL) , (V1 - longitudinal wa'e ye" P tyP

R(O) and T(O) approach small purely imaginary
(C,/VR) 2 | Vz(xy) 0 (2) quantities with magnitudes in the order of .1.

Under this condition 'I(r)' ". Ri.)
and f(z) is a known function describing the decay
along the depth of the plate. The other components Crack Modelin. We first soIve the guidance prnb-
of pa.-ticle velocity can easily be found once pmleTor the infinite crack geometry, usinii th,
Vz(x,y) is known.6  transverse resonance technique, then imprse the

finite lenqth of the crack in order to find its
REFLECTION OF RAYLEIGH WAVES FROM AN resonances, For the partial waves to be tsed in

IN-INITE CRACK EDGE transverse resonance analysis, we will use solulions,
of Eq. (2) in an approlriate coordinate syste!.

Consider a semi-infinite crack with its edge
along the ,y axis and faces in the x-y plane for
x > 0 . The faces are assumed to lie on either

jq4



(a) Rectangular crack: Rectangular crack one obtains the following eigenvalue expression:
geometry is shown in Fig. 1(a). The solutions of
Eq. (2) are ordinary plane waves propagating in x-y A, 0 0 R -T AI1
plane. Since the power is confined to surface waves
only for 0 < OCR,S , only the partial waves with ik L A2  0 0 -T R A 2
incidence angle satisfying that relation will be e x 2 (6)
considered. Otherwise the waveguide modes will be A R -T 0 0 A
very lossy and will not produce good resonances. . T

Slit waveguide modes. The slit waveguide
geometry is shown in Fig. 1(b). On each face of Each solution of Eq. (6) defines a modal field
the crack we assume two partial waves propagating distribution. The solutions are tabulated in
in opposite x directions with the same angle of Table 1. Mode identifications are made considering
incidence at x = ± L/2 , L being the width of Fig. 1(b), where E and 0 stands for even (sym-
the slit. We will assume that each partial wave metric) and odd (antisymmetric) variations along the
reflects from an edge as if the other edge were direction defined by the subscripts x and z .
absent. The validity of this assumption depends on The modes are consistent with the symetry of the
the relative magnitude of the slit width L with structure.
respect to the Rayleigh wavelength XR , and for
the frequency range of interest to us, where Table 1. Slit waveguide modes
2m(L/R> 1 , this assumption is verified by ik L
Freund. Considering the configuration in Fig. 1(b), A A A A e X Mode dentification
the partial waves Pi,i=1,2,3,4 can be expressed as 1 2 3 4 Mode identiicatio

follows: 1 R- T E E
xz

P 1 A exp(-ikxx- Gy) with decay in +z direction 1 -1 -i R+T E 0

P2: A2 exp(-ikxX- 6Gy) with decay in -z direction 1 1 - 1 - -(R- T) 0 E
(5) x z

P 3A3 exp(ik xx- BGy) with decay in +z direction 1 -I -1 1 -(R+T) 0 0

P4: A4 exp(ikxx- lG y) with decay in -z direction Dispersion relations can be obtained in the

following manner. From the fifth column, one can

-Zh FACE k L = arg(R+ T) + 21nr (7a)

z-FACE- L and plot the R"S as a function of . Considering
(a) Fig. (ib), the following relation can readily be

shown to be required

k L =----L tan (7b)

X 2 Taking f.GL as a parameter, kxL vs 0 can also

be plotted. Intersection of two curves for

9 0(1<tOCR,S determines kx (and 6G, ) for the prop-
a ating modes. This is illustrated in Fig. 2 where
dashed lines correspond to Eq. (7b) and solid lines
correspond to Eq. (7a). This figure is for a
Poisson ratio of 0.25, for which 0CR,S = 23.2'

(b) The following points are worth considering:
1) For the lowest order propagating mode,

PGL - 2 , kxL - r/4 ,kR - 2.2 . Therefore the
analysis is valid only for cracks with L > 0.4 R •

2) Since A ' 'CR,S- 23.2' , the guided wave
P velocity VC - VR/cOS P is very near to the Rayleigh

,wave velocity.

Crack waveguide modes. Consider the crack wave-
(c) guide shown in iq'.-_T3. Through a sirilar analy-

sis. one can analyze the wavequide modes supported

FIG. 1. (d) Rectangular (ra(k qeomery; by this strjcture, if scattering coeffi, ient of
Rayleinh wave at the upper edge of a crack face is

(b) Partial waves for slit waveguide; known. To our knowledge this problem has not been
(c) Partial waves for crack waveguide. solved for other than normal incidence.

7 
We will

denote the relevant teflection coefficient by P(0)
inthe boundary conditions at x- , and either approximate it or treat it as an adjust-

Writing m ndar condt at Ye able parameter to he fitted to experimental results.
and keeping in mind that P and T are defined Scattering at the bottom of the crack is treated as
in terms of *z components of the partial waves, in the previous subsections, by the Freund theory.

Although the crack waveguide has no symetry in the
plane of the crack, it is symmetrical with respect
to the z direction. The analysis shows that
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modes of even and odd symmetry with respect to the signatures. Our analysis therefore treats only
z direction have the properties listed in Table 2. depth standing wave resonances of the trapped slit

waveguide modes and length standing wave resonances
/ ">25 of trapped crack waveguide modes (Fig. 3).

/ /1

3 IT (Ex Oz ) / /

ZL

/Ex z/3 / 20

Lx

2,--,,,7F O~ / 15 _j

FIG. 2. Graphical solution of dispersion equation (b) LENGTH RESONANCES

for slit waveguide modes.

FIG. 3. Waveguide standing wave model for
Table 2. Crack waveguide modes (a) depth resonances, and

(b) length resonances of the crack.

f2k h
AI  A2  A3  A e Y Mode Identification To continue this approach we must evaluate the

4 2 4 _ _ _ _ _

. . . .. ~ R T modal reflection coefficients at the top and bo-
l 1 R RR- T Ez tom of the crack for the depth resonances and the
1 -2 -~ (R+ ) O~analogous reflection coefficients at the edges of

-i R -R (R+T 0z the crack for the length resonances. With the pre-
sent model, we are able to introduce more realistic

F o t cra c ui odeso on-boundary conditions than the rigid boundary condi-
for eato us e satisfe for-eal tions assumed previously by others. These boundary

(o dsprs rea l at ionceut esife for smleageso lmi conditions are evaluated by considering the be-kh oghavior of each partial wave in Fig. I at an edge

dence (R±T IB , (RI =
I is necessary for non- boundary normal to the guided wave propagation di-

leaky modes to exist. As before, we impose this rection.
condition in order to obtain strong resonances.
Dispersion curves can be obtained in the manner For reflection from crack edges and the crack

descA ibed in the previous section. If we assume bottom, the results given by Freund apply, and we
that R(O) i (which corresponds to tz/ay =  

m0 have the'reflection coefficients listed in Table 3

at y R0 Tt the curves in Fig. 2 can be used witr for the various types of modes treated previously.

the following substitutions: kxt - 2kyh Note that r and T shoutd now be evaluated near

BGL * 2BGh • The 
0
x modes should be ignored. go

0  
since partial waves grazing the guiding edges

This shows that for the lowest urder mode to propa- hit the terminating boundaries normally. There is

ate sh er I and h > 0.2 XR , provided that n co upins ar e ev aua ed b e rin the be -

Sy h(orral good aproin for mall angls oS -W lies or between modes of the same family. In tede

will cormient further on the existence of crack case of reflection from a crack top, there is no

wavegulde modes when we discuss half-penny shaped coupling between the z
+  

and z- faces of the
cracks crack, and each partial wave reflects with the re-

flection coefficient i , for which the results
Resonances of rectangular surface cracks. given b Cuozzo, et al. 7 can be used as an approxi-

Following the approach used in R-efeences and 2 mation. In this way we obtain the reflection coef-

we treat resonance effects as due to standing wave ficients lt b and re defined in Fig. 3.

resonances along the depth or the length of the
crack. However, we do not use simply Rayleigh waves, Table 3. Reflection coefficients at a crack

but rather the guided waves of the crack in which edge for slit and crack waveguide modes

the vibrations of the front and back faces are
coupled at the edges. We restrict ourselves to non- Mode Reflection Coefficient

leaky wavegude modes only, on the grounds that e.. .
leaky standing waves will not have sufficient high o ,Ewc,0 h (r - T)

ws to be strongly excited and to give useful Nd e f F a

02 ,Ex0 zOx~z (R * 1)
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To investigate the depth resonances, we model resonance frequency predicted by Eq. (13), there is
the crack as a slit waveguide terminated by a crack always an even and an odd standing wave pattern
edge at one end and a crack top at the other. The that can be supported by the crack structure. In
resonance condition of the transmission line model experimental observations of crack resonances ex-
as shown in Fig. 3(a) is cited by normally incident Rayleigh waves, length

resonances of all orders have been noted. This
i
2
SGh poses a difficulty for the single surface model

trbe 1 b (8) used previously. In this model the resonances are

alternately x-symmetric and x-antisymmetric, while
Seaint b ]b the excitation of normal incidence is x-symmetric

where rt pt and rb = pb
e  

are the re- only. One therefore predicts excitation of alter-
flection coefficients for the mode of concern at nate modes only. We see that the two surface model
the top and bottom of the crack respectively, and used here resolves the dilemma since it predicts an
aG is the propagation constant for that particular x-symmetric vibration for every order of resonance,
mode. Due to the fact that terminations are lossy, alternating from an Ez type mode to an 

0
z type

one should allow for a complex resonant frequency, mode as the order increases.
i.e.,

(b) Half ennY shaped crack: Here, the solu-
w(1+ i/2Q) tions of Eq. are Hv T kRr) e±i'4 , where r

G  - (9) and are polar coordinate variables andG V HV ; (kr) are Hankel functions of the first and
G second kind of order v . We do not restrict our-

selves to integer values of v since the structureThe resonant frequency and quality factor are found is not periodic in * (-7/2 4 € < 7/2) . It is
to be appropriate in this problem to express the Hankel

+ Ot b 1 functions in the following form:

f VG t+ (10) ;i,(x)
2h LI 2T H) (x) = M,(x) e (15)

and where Mv(x) is the magnitude and ipv(x) is the

0.5(a t + "b + N phase of the Hankel functions, i.e.,
Q - tb (11) M,(x) [j2(x) + Y2(x)] (16)

For o 
= 

0.25 , r Q 25 rb(Oz modes) = .3e
i(
r/2) and

rb(Ez modes) :0. e
" i
t/21 . The analysis pre-

dicts a quality factor in the order of unity, al- Y %) (17
though experimental quality factors are reported ' (x) tan

-  
(17)

to be somewhat higher than this. Jr(x)

For length resonances, the same kind of proce- In our notation, the - and + signs in Eq. (15)
dure gives correspond to radially outgoing and incoming waves,

2 1
2

GL 
respectively.

re 1 (12) To get a feeling about the behavior of these
ie circular partial waves, let us examine them more

writing r = p e , one obtains the resonance closely. Any of the partial waves shown in Fig. 4
frequency Snd qgality factor as can be expresscd in the form

Pi 
= 

M((k Rr) exp[±i( V(kRr) ± vl)j (18)vG(me)
f M +(13)
2L r The propagation vector at any point (r,o) can

then be found by taking the negative gradient of the
and phase function:

L + MTk v k dq, (k Rr)
Q e(14) k -± ~k) v = r k _ -v (19)

-2 log e(pe ) 
R (kRr)

where- rCO, mode) =0.3 e 
i( T/

2), re (E mode) = where r and 0 are unit vectors in polar coordi-
0.1 e-i(I/ ) and VG VR for trapped m

6
des. nates. If we make an analogy between the circularand rectangular cases, kR v corresponds to ky

It is interesting to note that the edge reflec- and v/r corresponds to kx . Therefore one can

tion coefficients Fe for the Oz and the Ez  form the analogous cases uf slit and crack wave-
modes are n radians out of phase. This indicates guides, as shown in Fig. 4. It is seen that the
that standing wave pattern of an Ez mode and analogous case of slit waveguide is such that the
standing wave pattern of the same order Oz mode modes are guided by the crack top - that is, the
have a shift of X/4 with respect to each other, waves are radial. For the case of crack waveguide,
In other words, if the E mode for a specific the guidance is assumed via the crack edge and the
resonance frequency is evin, the corresponding 0, waves are angular. In both cases, the partial
mode is odd or vice versa. Keeping in mind that waves should graze the guiding boundaries for non-
VG - VR for both modes we see that, at each leaky propagation. We will assume that Freund's
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results are also applicable for the curved crack obtain the restriction
boundaries.

Z + FAC E 0,2,4,... for E modes
=~~F c (22)

ZFACE 1,3,5,... for 0 modes

-I The resonance condition for the modes can be

*' written in a similar manner, and one obtains
(a) - t -

-FACE FACE • (R-T)-0.1e for E modes
~,-s r , - .7r V Ra)~ * \e - ()(23)

\ - p4  2 I(R+T)--0.3e for 0 modes

0 * Again equating the phases, one can graphically
obtain the depth resonances as shown in Fig. 5.

(b) The resonances corresponding to . > 0 must be

eliminated since "the incidence angles of partial
waves", 0 - tan-1(v/kr) do not allow "grazing

z FACE z-FACE incidence" at 4. = ±(7/2) , especially around r= 0
P' o For v = 

0 
, we approximate the angle of the Hankel

Iy % ro P 1 P4 ucinb its asmttcexpansion,

I o(k Ra) k - (24)

(c) The accuracy of the approximation can be seen from

FIG. 4. (a) Half-penny shaped crack geometry; Fig. 5. We then obtain the resonance frequency and
(b) Partial waves for radial waveguide quality factor

modes (cf Fig. 1(b)); VR
(c) Partial waves for angular waveguide f -. . N (25)

modes (cf Fig. 1(c)). 2a

The radial waveguide modes can now be investi- Q= oq71 (26)

gated. The partial waves are: e e

where (p') is the magnitude of (R T T) given in

P 12 A 1kM(k r)e v R Eq. (23).

1,2 1 Ai,2M Rr

(20)2
A3,4M)(kRr)e-i;(k Rr) +iv' v =O

P3 ,4 = A3 M~~~ :R e .(E@ E Z )I .

V.1
Writing the boundary conditions at = /2
one obtains

77

11(E# Oz)
A 0 0 A v 2

V7 (21) LINEAR
A R 0 0 AAPPROXIMATION -

A R 0 0 A4  2

for which the solutions can be obtained as (E E z

A I A A A e Mode Identification

1 1 1 1 E E 4- _
z 2T ko

-l 1 -l -R E 0z  L Ez)

1 -1 -1 -R OE z

-1 -1 1 -R 0 0 z

412 72

If we again assume a boundary condition of
pf z /in) 0 at * . /2 , (i.e., R = I), we fIG. 5. Graphical evaluation of radial (i.e. depth)

resonance frequencies for a half circular
crack
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Comparing Eqs. (25) and (26) with Eqs. (10) Experimentally, length resonances have been
and (11) we see that depth resonance frequencies found to not depend significantly on the shape of
are almost the same, and .nat the circular crack the crack, and they are found to exist even in
yields a higher quality factor, circular cracks. The basic analytical difference

between rectangular and circular cracks is that in
For length resonances, the same kind of analy- the rectangular case, guidance is achieved via the

sis yields the following equation bottom of the crack. The "mode switching" between
Ez and Oz modes noted in the previous section as

(R- T) Ez  mode the explanation for observations of resonances in
i2 (k a) all orders is caused by edge coupling between the

e R (27) front and back faces of the crack. However in the
circular crack, the analysis shows that there are

(R+T) 0 mode no corresponding non-leaky resonances in the angu-lar direction. Furthermore scattering at the top
provided that the incidence angle of partial waves of the crack does not introduce the coupling be-
at r = a is small. That angle can be expressed tween the back and front faces required for "mode
as switching". An explanation of the length reso-

-nance behavior observed in circular cracks must
d = tan-11kR div(kRr)/d(kRr)( therefore be sought elsewhere.

tan -- - (28)

L J r=a One possible explanation for length resonances
could be through the concept of edge waves in4ro-

Taking v as a parameter and eliminating kRa , duced by Bondarenko and Dubovitskii,B Wagers, and
one can plot ip(ka) vs e . From Freund's bound- Sharon. 0  These waves can propagate along the topone canlontn (karg) vs From nd'so bound- edge of the crack, decaying in two other direc-
ary conditions - arg(R± T) vs 0 can also be plot- tin. Ungheccpsitrdedbcakted. As in the rectangular crack case, the inter- tions. Using the concepts introduced by crack

waveguide two such waves, one on each top edge,
section of two curves should give the guide parame- can be postulated. As in the crack waveguide,
ters. We have plotted these curves in Fig. 6 and c a e ostuoat ed at the crack waveuid
one readily observes that there is no solution for these waves are coupled at the crack corners and
the "angular waveguide" modes. In other words, the behave differently for even and odd field distri-
guide proposed in Fig. 4(c) does not act as a non- beaedfrntyorvnadodfildir-
leaky waveguide. butions relative to the z direction, resultingin a similar "mode switching" to that noted above.

The drawback of this hypothesis is that the edge
waves travel slower than Rayleigh waves (for
o = 0.25, Vedge - 0.87 V ), which results in lower

v-8 v-6 resonance frequencies. Assuming that boundary
iTv' '.4 conditions are the same as those of the crack wave-

V0 I v-2 guide, the length resonances with edne waves can
be found to occur at

f te enes (29)
2L ( 2

COMPARISON WITH EXPERIMENTAL DATA

7 a°rg(R+ T) We have compared our analytical results with
the data given in References 2 and 11. Our results
(Tables 4 and 5) agree fairly well with the length
resonances of Reference 2, and good agreement is

or(-)obtained for both resonances of Reference 11. For
each resonances, we can .assign the mode indices
M and N (see Eas. 10, 13, 25, 29) with reason-
able accuracy. The formulas used in calculations
are repeated below.

30 60 G(DEGREES) VR

Length resonances: fL = R (M + (30)
L 2L 2

VR
Depth resonances: fD = - N (31)

2h

2

FIG. 6. Graphical solution of dispersion
equation of angular waveguide
modes.
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TABLE 4. Comparison of Theoretical Calculations with the Data of Reference 2

fL (MHz) f . fD (MHz) fD

Crack (Experimental) Eq. (30) (Experimental) Eq. (31)

1 3.48 3.55 5 5.8 6.62 1
4.02 4.20 6
4.58 4.84 7
5.20 5.49 8

2 3.60 3.62 2 5.68 5.94 1
5.18 5.08 3

3 3.86 3.56 1 5.6 5.94 1
* 5.94 2

4 3.18 3.43 1 5.1 4.58
5.72 5.72 2

5 3.00 3.43 1 4.0 3.3 1
5.80 5.72 2

6 3.00 3.43 1 3.6 2.57 1
5.80 5.72 2

The cracks tested were EDM notches on a steel sample, with their aspect ratios varying between 0.097
and 0.89. The asterisk for the second resonance of the third crack means that the resonance also
corresponds to a depth resonance.

TABLE 5. Comparison of Theoretical Calculations with the Date of Reference 11

fL (MHz) fL fo (MHz) fo(Experimental) E q (30) M Er _Lta)
____ ________ (Experena Ea._Qjl N

0.83 0.84 1 3.41 3.74- 1
1.24 1.40 2 7.93 7.47 2
1.79 1.96 3
2.27 2.52 4
2.90 3.07 5

* 3.63 b
4.00 4.20 7
4.48 4.75 8
5.24 5.31 9
6.13 5.87 10
6.41 6.43 11
7.03 6.99 12

The crack is a (2.54 mmx0.38 mm) FDM notch on the aluminum sample.

In the length resonance calculations above, agreement with what can be obtained from Refer-
we used Rayleigh wave velocities instead of edge ence 8. One reason for this agreement is that the
wave velocities. A complpte analysis of the edge trial functions used in the variational approach
waves can be found in Reference 12, where the are of the same nature as the functions resulting
equations of motion are solved by expanding each from the analysis of Reference 8.
displacement component in a double series of
Laguerre functions. The analysis shows that there In conclusion, considering the results given
are two symmetry modes that can be supported by by Maradudin, et al.,12 the use of Rayleigh wave
the edge, and for o = 0.25 the corresponding velocities instead of edge wave velocities does
edge wave velocities are Vedge/VR - 0.98 and not ignore the role of edge waves for length reso-
1.002 , which are very close to the Rayleigh wave nances. The open question is the verification of
velocity, the hypothesis of r radians phase shift between

the even symmetric and odd symmetric edge wave
There have been other approaches for the solu- modes in the z direction.

tion of edge wave modes and velocities.3 .9 In
Reference 8 the solutions are approximated such ACKNOWLEDGEMENT
that the boundary conditions are not fully satis-
fied on the two free surfaces of the edge. For This research has been sponsored by the Center
o = 0.25 , this approach yields a numerical value for Advanced NDE operated by the Science Center,
of Vedge/VR 7 0.86 . In Reference 9 a variational Rockwell International for the Advanced Research
approach is utilized and their result gives Projects Agency and the Air Force Materials Labora-
Vedge/VR - 0.7 for 0.34 . This result is in tory under Contract No. F33615-74-C-5180.
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SUMMARY DISCUSSION
(S. Ayter and B. Auld)

Ed Kraut (Session Chairman--Science Center): Questions on this talk?

Unidentified Speakers Let me see if I get this straight. Talking about the rectangular
crack, you excite the Rayleigh wave along the ZED plus or minus face, and the
waves travel down in the Y direction and up again on the other side and back
again, or is this --

S. Aytert You don't excite simple Rayleigh waves. You excite the wave guide modes
which are combinations of Rayleigh waves, and those waves go down and come up,
but they go down on both faces and come up on both faces.

Unidentified Speakers How do you excite the wave? What is the excitation scheme?

S. Ayters We have calculated the coupling quotient, but we don't have the results
here. The way to excite is you have a crack here, and you illuminate it nor-
mally with the Rayleigh wave, and these Rayleigh waves excite the waveguide
modes going down.

Unidentified Speakers There is no wave going down there. It's only on the two
surfaces, and the two surfaces are separated by distance between ZED plus and
ZED minus. How does it go from one side to the other? It has to go down one
crack and up the other side.

S. Aytert On each face, each face is a traction-free surface. So, each face separ-
ately can support Rayleigh waves. And, a combination of those Rayleigh waves
can guide waves that are going down.

B. Auld: Could I make a comment, in response here? The fact is, the two faces are
coupled at the edges. These Rayleigh waves that are propagating on the faces
at an angle are coupled at the edges all the way down, and it's that edge
coupling that gives rise to the guided waves which exist on both surfaces.
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ABS TRACT

iiarrn ic ojeneral ion (:f surfdCZo aCljI,t ic eaves (SAW') is a use(fuil tiol for stud in, sirf,ce
microcrack initiation during fatigue of high strength aluminum11 aloys. We have developed a
i-iodel wi~ic' relates the lengtli and dhi ty of sitcli I riroeracis , initi ated d.urin'( fit igiie itih
SAWJ harmonic generation signals. It was found that the resulting quantitative relationship
between the aC.Pustic data and' tire, reidaln itit fati(Itl lifc is ace:eaVte' to) witiii fi ove~r the last
50% of the fatigue life, spent in the iticrocrack initiation phase. L xtens ive tests are now
underwav to study the generaI apj ( i a ill ty o' thee t orlcejt s to a wi dt range of iirj.rcrigt hi
Al alloys. Furthermlore, we have started to separate the various contributions to harmi'nc
generait ion fro j ic roc rac! s tha t are sia Ia Ier thanl toe avir ,:t o i'n0 di ai ( tie, (l'oi V m~t at
have been able to grow out of the grain of their origin. These considerations are iriportant tll
that they (I1) I ro vi ie detLaile 1 1 hI it i i tol the process iuf fat ijuo Iamaije and ( ) I "'. iniprove
our rena iriing i fe fired ic t ion c apa ili ty, part icul Iarly dur i rg t he fi rst (0% of the totalI fat igue-
life. liii s concept toils to lrave appt ica'- i i t. to tile "Pet irut i ct 1.or Ca use" 'rorri (A tie Air,
Iforce.

I CTPPUCTIOt! 'elr;.rat lu of harr itriles in stutfacu arire,,lc
waves, has beenl extensively studied adl was

The- objective of till present work is to -ro obe5it~ to iIc roe ra s d, 'le' Ie Ido
establish a procedure for the pirediction of the duil fatigue. - In tile following a
rct a lniii, life of all 61 igir ally siiccth, iinflaou ii tontt li reL'0In loll (1 Ole ile' rrOi
metallic corrpollent. Extenlsive scannling electron gleneration and 'icrocracking Iarareters is
riLcrosciily (5(11) ~tities u il'i C tain abl i iiiuii S:';('3 1, 111d e(StVe, leaili',. to a stI -
alloys have shown - )that the presence of quanrt itativye pired ict ion (If tile renal ni1ri(( 11 i
lintrinsic l!i'cts. 5if) tile :idteria( such ts fu te i-t'ot alji rriul . aT liy. A *. 1 $e
brittle inIteroetal11Ic inl us ions, will lead ti, present t iiiw it is bel ieyed that tile, rrvi i ig
tile nuc leat ion of i.iicrocraclis ,!urnqng(l u of 1lift, predicti11, i l t( i lh. i i , ,vui
these alloys. After nucleation the i'icrocracks tile last 50', of the total fatigul( 1 ifi', star-tm 'liI'ro inito tile ilatrix, interact with tl~e g3rain Wvithi a Slue0ti far 5s'i'eii 'r. 11 is is tevrt~ lily
boundaries, and eventually coalesce with other an iiiprovefierlt over present. day fatigue life
iii rocracks to forli a cracrrrerac) wilo,. sil.- i'ilictioln cal'ahl litics", wilifl Carl rill t'
sequent growth will finlal ly termiinate tile lift, app] ied after tire formlat iou Of tile oadcrocraci
01 tile spec: i ill, as di 'cussed csti':is ively ly Sim-ce t', c~it ical I l (di Size 1' 0 I s lay iC
f'crris and a~liieS in this vol irle. Vurtierlioe, qui te sirall f low fracture toiughrness iiaterialst

it has alreadiy b)een sihowli thit sii :pl r -alyt ical (lie, prest-nt ,vsul1ts st1I'01'sI that a. in I.10t
riodels of crack nucleation, early crack. growth gernerationl nay hie a Useful tool for early cradi
and coalescence in olmlinu11 il loys art, ab~le I. di tet oll and that till tij-_iqvstod 1r'eri~' y
describe tile fat igiu fa ilure process, vieldinr, be- applicable to programs such as t he
ricarr ond ,catter iif ti'e life venr is ti.,(Il "1011 'ii'' eiilt. for Cast''u pro -rai r of t t. Air
grainl diaricter of the alloy is changed. Force.
These ivvdel s, iihicih are the basis f'0 a rion't
Carlo sir'ulation, relate tit*, lroliahil ity of Vi i LiP, 0;4;
nor !eat ion aind rate :f 1,,iy ly ct dall ll'( a-at, o
to the alloy rlicrostrllcture in the vic initv o'f The i;i'nri .1,ltS ni si lli. iar oi'l I h,
an initilaticri site, tlrt' er sti:div le or-e ijrw or- surfac( acoliSt ic waves dulritif' fatiu rf a 111111
way to in'prove these riodel 5. s! rie'1, lj I it h11 a 11;o, 's recen t2riI!y It (i r eo-

prortedt. Tie enhancild renerat ton of i
fijch knrowledge of ti 1 deveyloiiln of seroml, dl'r: .oriic ''ithl fa! 'Ii ' at!, lii! to .iI]

fat igue damlage is one neCessary input for fi inlcreased anelast icity of tile surface (tie to
siiccts,,tl 1life rtedic!-inn, pior to1 tii for- it's l1iiewu of stifiaf 111 inio idls.* (r, dri
ration uf thr l:lcrocrack. The itonitorillg of a surface crAct as alr wrlborderl irteraci,
tis ra a i',lsinl a inde',trtictive its sifill ossri IlIe ib'lll' (0 , r-11 1 s eS w a~ tl iuni 1' I i
tiethod, forr-is tit otiher i npiut. Presenlt day, distort ion thdt lire f undaile~nt al %ourf dci wayrt
saniarli lloirdt'trirl Iive test1iit, ricthor,. .ri , 1'' exi cri iti-r' a% i! :,qoi ait , oS r' o,, Till n:iii
gjeneral, rtot sensi tive cnctugir to detect suhinty~face. Tile effec' was , relic ted 1- Picirard-
rricroscric lir ag before the( lill rte li don'- s~io w~ho tcilciul ded t'i' bar oiol a! I Ir f i
crack is forvied. Therefore, and in p~arall1el to ijelerited ily the opening andll closing iif ti
tilt Moive invi's' ilic's oir fill i ii.ricii ic inb~id iri 11etfat, i etwei( it seji 5i1-i! hi111

events leading to uli u-ate failure, PvaliatiIros sol il' r-iiterials for thi part ictilar (.15' oif air
on nixt ri,ndestrijr' ivu lis'min flit' i; ble (,f hr) ii''! Iais'., loifr'r r 1 (1111 w,'f. "1
mro11tori nq tfhese, tic r(scopic events hadve beenC Call' ilat ions iiate hit ftre iartrhtric

I er foir -o . ('n, of II esi' liii iijs tle "ii'r,,'iai f i I, r i t 1111' 1 )Oi' 5%! rit I , 1,
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external appliled stress, and that under optiriuri TILLL

conditions (close to zero applied stress) thre
second harmonic airipi itude is larger than 1 7. of Total w,ber of 'atl-jlle cycles applied -o o,ice a loqot icocrid
the fundauiental, exceeding by far all generation 500 mar.
fror other no~irear sources, syli as lattice
anrharmonicity or dislocation. It is
believed at the present time, that sii-ilarStesLvlFigeCcs
considerations are applicable to the hairmonic ____________________________
generation of surface waves, as will be 05.il "0
discussed in the following.

The experimental set-tip to deteriiinae .7yel800
harmonic generation in surface waves as a
function of fatigue was extensively discussed in .yil50
Ref. 12. Briefly, a fundamental SAW' (5 MHz) was
transriitted across tht: gauge section of canti-
lever beam specimens (Al 7075-T6) that were
fatiguedi in flexure. The tapercd yeorttry
generates a uniform surface stress and thus a effects into aci:'rt. , Assisure tltat the fund,,-
fairly homogeneous density of inicrocrarks (hcw- mental is attenuated according to
ever note that the through-the-thickness stress
distril ution is non-uiniform). (x ov-1 i

The amplitude of the second riarrionic I1 x A1 (e (1)
(10l Iz) was ireasured at several increrients 1f
fatigue. This second harmonic signal is at a hcA(o ist.(.O1tdt)fnaetl
Fiaxiiiurn close to zere; surface stress (tfle slpeci- whered byo itht e n trafnmattenta i
wen being under static load during the taltudtenerated by~fiito theasiter fna 1 eis
m.easurement) arid this lraxiinur increases witt, and x the propagation distance away from the
expended fatigue l ife, consistent with the trisii !tea . [etwcei x and xt+Ax thL i'Cryf
formation of microcracis tiuring fatiemue. A mna seodhrni gnrtion woul be
sulminary of these results9 is shown in Fig. 1, etlscn amoi eea udb

5 1 1A 2 (x) Ax ~ (2)x

C4- Omax 0. 9.Oyield /with Ii I ing a coefficient (if sec( nd harr on ir
generation efficiency, a2 the attenuation of the

/secone. hariioiic anc'n t e pocr rel alioiishir

W.3 ampl itude. Integration e;ver the total pat-
/ xlength, X, yields the received second harimonic

a max - 0. 76 oyield ,.aplte

2-~

......... amax - .59 royield A2 Mt ~--------- (3)

o 20 40 60 80 100
PERCENTAGE OF LIFE IN INITIATION 25 MIL MAX. CRACK LENGTH) I e (not 1a ?) 1 + c n t

Fia;. 1. 1arilunic gjeneration as a funct ion if
percentage of life in initiation for
three different cyclic stresTili in which the integration constant is deteroinel

tudes(Ref.12). --the Send korin ic cnntci hut i oii free h
tude (fef. 2).lattice anrharmionicity and dislocation harmonic

in wshich the change of the 'cea! value of the ginaeral on. Ini revioi.s amcI "'- i w(,.,, sr vi
second harmonic is given as a function of the that the effects of attenuation are appreciable
frrec tirn of expended life in the initiation onl.y if ti:, in?.trro',,teci surface uf spericri e is
phase of fatigue, which is here defined as that under tension or, in other works, if the tracks
part of tire trtal life nec essary to produce the are ful ly n;iPr. The present wer! i, coernt i
first large microcrack having a length of only wiith the develoricient Of the MaiXillim in
approeiiriAtely 5(,r pr;. Pctiral total rmniers of harrei.ic goievtnevtti ihic- i un cirs dlusc t, ztru
fatigue cycles applied to each specimen are surface stress (see Fig. 1). Therefore hoth us1
gi ven in Tatlle 1. Thr curves presented are anila2 will !he negji-c ted' in thre 'ol laiili
basically "raw" date since a portion of the discussion. Furthermrore the haritorii erleratiin
,ecnni drrranic Ceneration is obsritred by the lid?' toil 11e 11c lrd Zed to th( vala off~'l i

changes, in attenuation the SAW experiences dit prior tri fatigue, so that thle integraltion coai-
to sea? terin( na t the mit roe racks. Inr order to stari in Lien. (3) is, *i.-d I ' 1. I.ndi a ttilsI

unfold these competing effects, a siriple simplrfied conrditioans
analysis has% !,eo iade adI irlij atteniatiirn
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(4)'1 r~i~ if 1lect S the dct, I i i rucrati. '?.2 101 I I~tWh
2',- L1 (O, (4) sufficiuIit dizjrac', and, in the few cases

The si-cond liarli ric 'ieneraticn coffli ici 0 is studled SO 'ar , this spec idii it n at eA,

the quantity that is related to the mcrocracV- confi rted.
i ng j~ararietirs, ii piirtant to a sicccssful 1'1t TS
fatigue life prediction.

SuchOcrcrac in, rarwors!-av I~er.A. Lift Ti,;i Preictioi ii, Ioitiatiot, - In tic

obtained from each Of tile specimens inter- sclod itI)la teriet isr Mde [to ecrai t n'P
rogated, using 'P. and in sore cases,* usin njO4'a1111 greoind~ ~jri(rcaii,
optical microscopy. Since Host of the cracks paraneters, a step necessary' to arrive at a
ars, partially closed, it was iecessary inio ctiation pasie o fu at iu . Tot arrie atIsuc

th~e speciricg in tension for easy observation of, itaiophsofaige Toriv tSc
the racl. :1stoejrai s if the crackn deit a r( 'ation the assui t ii was riade tl'at licr.:I nic

A (cracks/cm.2 ) as a .)function of crack length generation occurs where the fracture surfaces
(',ntac.t tach oth, r gently. This area f CMIT aC
is schematically shon in, Fig. 3 as a dark

CLOSED WiTH SMALL

103 NORNWA LOAD

UI

I II I '. .~-PARTICLE

101__ I I
~~ TIGHTLY CLOSEDo

I IIF ig. 3 Plprit ntatior iof a Ipartially closceoII crack.
IIJ tan". it is this rteL ionl of l(. crtact St [055

100 --200 300 400 500 in which Richardson s analysis would lie qa
CRACK LENGTH,,umtti vrly all- icab! . As ai et-triil tii.iof or
CRAK ENTHpmcomipression stre' s is api lied, the cracl will

stairt t( je or lu. If tistroi i
enough, harroonic generation will cease t(, occur

Fi-. ?Ki stojiaii (, *lt craclin est i, for ltiL tinsiJliL a''if coLipijstion. ',ll i -qLLLit I -

a fuctio ofcrac letati Vely, tile second harmonic amil 1 tude
d funtion f crak, legth.gunk rate. li icrut cr t shoul d then he pLL ( I,

min, they: 01 aintil, an exmil fwih ti qonil to the crack length (2c). for any length
(i OlL tnt in. hv jitt ofi the -11 of iiidl di IhN

shown in Fig. 2. Such histograssa ucir microcrack. density of A cracks per ci' will mate
Of Natil ;ue Should r onta in 11 all idto
necessary to detirnine the barioc alLeator gen ro iel nttLt '01LyiIi i
coiff cinll P . In tt vor ci eirtid her-, gnrt L gvnb
detailed histograj(:s havie been taken only after
tcriiiriatirn (Ii tELL harivjnic iTrnrit ion ex i-ni- AA El/Lv (5)
rnents (100'. of thle fatiguie life expended in the 2 -
in it iat inn pha Si ) . li stwgrai s tif tU
intennieiiate states have been obtained 4sinq a
Mort l.orl .iiolafi of ocroir rIii -!I [ Viti5,ip-) ' I~ ttl r~lIo,
ie nIt for the particular nicrostructi,i of thi introae Fyi (5).SA4 F (' (i (k =l I L rc tta
aliwn-i ,I 10) uSed. In al Icass. the (il interrogated :y t he SAa arid I t 11 (t vi ta

fated histograi rs catched the experimental oneA .1 w il the totipl deie his quitA) ih
qiitti gil. finct: ti "eote Larri .ii0c'ion A ~ a ri r.dsy
is basei upon actual craci nutcleat ion jnd ear l Therefuiee
qritt rfadi' on at'i - in al lo.-s tNere- is vvr .
rc ason to believe that io hi tenriol atimr r 'thicd
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AAtw d(2CA )Ax. (6) ane. tarl?' rott Fr itlin the firt t grai,.. Thw
above atidlySis appears to he applicable, how-

Integration over the total path length (assuirtini tvur. as onr es the lnjuSt Lraci.s overcomie th,
that thet dttf-nttatiol is ne'ji ihlt ) dind first grain boundaries. Indications for this
combining [qns. (4) and (6), yields tran.sit ion at 5t", lif(- cxpctdcd bucut .u qiit,

apparent by splitting thc quantity (2cA) into c
d (L(2CA) (7) part -hat contain!, Jll craci s stialler thtan e,

[A ntherean grain diamteter, and a part that con-
tai'1s ill cracks5 lar-,er tirt UI:

so that the relati Vi chanq;e itt hlntit
generation (due to microcracks) is given b.-

0

0

where k is a proportionality constant. Thu 0
quantity I (2cA ) ia bj e i nt, rjprete~d as tirt total
crack length, seen by the SAW, which can be Z; 2
obtttried oithey by diroct expi riituntal ribscr- C
vation or from the Monte Carlo simurlation (which
is badsed On exf-crii tontal data as pointedI out
before). First results, obtained by a conipari-
Sort Of the harnoniL ,euneration dat a tal Po at

01 le1ax ; 0  
a (see Fig. 1), with the total0

th sotaineri leoi a liorte Carlo
simulation, verify the prediction of [go. (6)
satisfacrly, a-, sho%!n itt Vi(;. 11.

In addition, the Monte Carlo sirlulatiot 0
yil!ifrl~o hu h eaino le0 4.1 8.2 12.3 16.4

quantity (2CA) and the fraction of life spent in F (2C S),mm
fat itjte, N1 . 11w res~ult , fur thre saict spec itrtr F i;. 4. Hdiartinic gjeneration data as a
as previously discussed, is shown in Fig. 5 fUM-t i ot Of tetdl ca-d ler.
whir 1 Con he expressi d 1,y the eiipi riCal rl at ion F (LICA).

(LcA) =(2cA)t NIL,(g

at least above airout N1 = 0. '. In [qon. (9) thu 1

quantity (2cA)t is prictarily related to tite
total tract lenqt! .t :tht point thoern ( of
the fatigue life in the initiation phadse has E t2&rt 2)\tN

2

heen spent. Cot hitino tins. (Fi) and (9) yields8
the remaining fatigtie life

LL
Ar:. -: (10)

4

to beU

AN~ -1I (11)_____Q___I

PERCENTAGE OF IFE IN INITIATION

iij. ',S 11n rr rtty 't (A ) 1' rrft1 t n
life in ittitiation at

Froi the 'Ortte Cat-lu sir ulation a jvlljt- I (,cA 0 trax I
z14.3 t11 is obtained for the exleriliental

cotr, itt, f tinde urrt~ rt ti frtoi irr , 4,
Si0.2415 -1 1. Us iorj the Second Ftarr onic dat,)(2

(at at ''* o ) frtot, Fir. 1, ril'. i, d (20A) (2cA )pc(') ("OcA )i)(?
rteasu'red~ frdctiG'o'Vr remaining fdtigte l'ife,
Ahjt.t,IiVd. 000t cit Fr tt cot; qtr kw t the
dCt'Ud raction of remaining life in initiation. Thi reroilt ts irr.n fi- 1'. 1. ir tri ini ~lt
At1acl ta I As sltrio in I ie. frA. ttI an(! grovitir, the (tdittity (;)(A )r '<1 Stays atont
ANesured (risinq I qo. I 15 hasicafiy 1Ol. lo, a c trda t at (,Ve- !i rrOf life" rX, rrtltr. t' tile
noe- 6O-onv rtl ationshijC to wri thin r a: oyu at urit. sane t it i ( 2cA )r c~ %tart% to )row rapidly.

5C. of expended fatigtte life. Pelow h of Vais(( " ,or ttrr, s';rt'itio irrrt I, ts;rto r
Cx; t-dtd aIt'rgr life, r'vlatrrrs "-,Ifr o hrp exprrtss the rlIdatit, (?(A) toi fqo. (11) to th,
mainly caused try ther statistics of nticleatin, fri Frii to (wrl ,r i* It irth
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deta ilIs) . Fur d material of I 'an qrain siz that the values for 1. and F it) [Illi. (11) die
diameter 0 = 70 vim (as investigated in the also independent of -,a'tehroi
present work) the '.opoest crack after 10t2,1 of q.'nera iofn SlId~ hie indcpendeni of a, dX' a
life have been expended in initiation, has a result which is basically observed, as evidenced
size by I i'. 1.

(1-cAt :L3.1 Ot(13) F. Life Tjit e in tine 1'ropw~ati'nri 'hdse- r
order-to conifiri, the previous statement, that

(where 1:t is the cracking density of all cracks for sneouth ,ar Spec linens tl'n najor part of the
that are larger than D), total fatigue life is spent in initiation,
and since, in the present case,

(2c)t 8U (14) cr~igPraate-s as a Function of Maxnums Fatigue Stress eo&i

we obtain

(2CA)t 1/'3 (2c)tzt (15) __________________________

-- --- --- --

0 - 0.59 .~ yield .7 ,

200. 9 JYei .40

12
040

'a 0

00 8

80 /
06 82 'n --

100
100 90 60 40 2'0 0

" " ACTUAL

Fig. 6 Comparison of remaining fatigue (2c t20.D~~
I I e, A:1. asured,' deterrii ned
from harmonic generation data,
versus

These quantities i:i Eqn. (L') , As o)Itairiti fron
actual SIM arnd optical microscopy, are given iin
Table II for tine thre ,tress levels At which
harmionic generation data have been obtained.I I
.hese data shot that rqIn. (15) holds reasuiably 0 20 40 60 so 100
well at the lower stress level%. Som deviation PERCENTAGE OF LIFE IN INITIATIONJ
at. ail (). %O l is caused by tine fa( t that
the argest cr c sdon this specimen started to F I q. 7 Thi sri. ardtlion of thi, quint i Iy I (,'( is
groin predor i riai;t ly it the Spec it en ent'Jes nut s ide into a part fur O~ich all cracks art,
the region of microsco~py. Indications are, s. aller tian and a part 1(;r 1nhicn
hout ver. that fl-e qutantity (A) vi ich is all cracK are larger than 1).
related to the total crack lengtA (thus; includ-
rigj all cracksI, *ev. n thu onus that are un inijeor- s;,ic r vmis tliat had beeni re-fat it.LeC in flvxoei

tant to failure) nay he replaced by the product were exposed subsequently to unidirectional
of len'jth arid densit~y of tine cracks, ii inrt ant te~ 1nrn - tirisien !atiopw (thus lonidliyi- thi
to failure. non-uniform throingh-tht-thickness stress distri-

hintion experi encedt if, 11 xur, ) . Alt eyrt
(yen of ioru irnterest tay b~e the last fatigue, the tapered geonetry ol the specirien

coluri in Table 11. On all spec inens, subjected wa,, chan-,ed le tne if tninrin cr, o, sect io.i, ,
to a wide range of fatirtue ,trpss levels we give the longest crack, which nay be anywhere
find that the quantity (?cA )t is hasimcally al on,, 11,v * a(er. ' .,,T lo,. i unve fon tturi I r
iniiepuevdent of 0 ax, ' ncf it is n to 1,w Pii, 1--d growth, leadintg to f ai lure of the spec in'en.
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TtrLte spvc it tis tit rt: prte ori, as Itti C, tueIl it ;T'C I, ell'.Ir I)i 'Jld atd 0 *' 1 Si'
Table III. A first one was not exposed to pre- Tatly 1) with the ones akv i1.111ices that for

IF ti qte at a I , a sicc -id ont was pre'-foliq .'l to Id 'pt' it a c rl',,ratilt %t tss love tarly !!tut
N- 0.65 (1800 cycles) and a third one to MI I V> of the total life is silent in the ptrtridqatlinm
(btIIC c-dles) at a a 0.9 0, '01d, "Is oxpcted i-ha'u.
the second specirien iEontained cracks, the
lroiijest one havirol a size of the tail fii~ T,, le I :1 al'.i) shows thi:' *he' (!1Sl relti ,
d I at-eter. The longest crack. Of the tir 1 d Slrer i- between the c alculmietd anid rhset-V. i,' ;tecone,
en had tiroon to a rlrl'risinilly lathe sit' woe'. , tlti,.Il 11 criill~l,l Cik, int. it iS

(140L ie). quite clear-, that tit tJiicI rited fajt lye life,
Irelict ta]i cre lorek' I(WC t lIre ila,; ~~~t. i

or a I I fut it' iv pri ic t I tfl i is lllq ortairt is satisfy ini), however, thdt the ubsurved AN,
to know the crack depth a. Certainly, the hot c 1 i, ilt, ,1%,!11 ci ti;k, 1 rrie st (iY4..

asprect rit toi s srrid. ler thrani tile us11,1 I ,11..
(j.5, wh ich ? s t he eqrr l1 br I it-' Yal r te in a tllii forrr01C (ONE Sli,
St, ec5 f iel d ever t h, to tial ross sec t ir(- ,I t ct
in flexure the stress goes tro zero at the needed h preserntedi work Is an 'i ti al atterj it to
axis. l:c cst itiatttd, th'ere'fore, iit,:t tihe tiae s di )(- it lift'v t I t 'lflit I.tfi y ii) ti.--
grown in prefatique lay liave an aspect ratior lt initiation phase of tletal fatilie. This tethod-

estimates given in Tahle Ill. railkire is crdci revelotrien! anti thte Otpits 5f d nonries -
assti 0r to orerre as stun !, !te lrirb'r.t, tl I , tlit i s- c~ fri, i 10-, in I,, l. iittIt 1.S
achieved duriny prefilt ique , re~ches the bdckfact' harr-runic geirerati on. It is clear that ii-prose-
of the sprecii cn, tirts yieldnt ne,- -irt v,ss,,r , i-atrt ierr',rrl. u. di-m~ri? I

thre firictiorral relations of r-icrocraci densit)
t)it. 101t1r I i f r t", 1- r. esi t ii I rot -nit' tl, m,
!t-~ retnaiming life! itr ini tiatiut orir tire other

AN lirid lito I i-,it. -q, o pritt stat 1ST iril fot
ri-2)A (t Aorather thain iii ar tn-int-ial onie. 1:orever , ever,

Ir-wUO i: It v rt seit fori , I-s et(i, P ,s i: I i, *i ta e
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SUMMARY DISCUSSION
(Otto Buck)

Gordon Kino (Stanford University): Can you tell me why there is an N squared rela-
tion for the life prediction curve?

Otto Bucks You mean, why does (2cA) increase with N squared? No, I cannot at the
present time.

Gordon Kino, It's empirical?

Otto Bucks Yes. It's empirical.

Alastair Morton (NSRDC): Did you look at any other methods of fatigue life prediction
other than this one before you started? For example, any dislocation density
measurements? Is there something in the literature that relates to degree of
hardening due to dislocation density changes in the surface layers with the life?

Otto Bucks What we are looking at right now are residual stresses in the surface
and the change of those with fatigue and you can see these effects using X-ray
or acoustic techniques. In direct answer to your question, we have looked at
dislocations in pure aluminum and there are indications that the acoustic
harmonic generation changes due to a shakedown of the dislocation structure
during fatigue, but I don't think that these are, at least in the high-strength
aluminum alloys, overriding effects because of dislocation repinning. There
are certain materials, high purity aluminum, e.g., where you can see slight
effects on the attenuation, but these are very small. The major attenuation
effect in the present case sterns from generation of the microcracks. In
general, I believe that in materials where immediate dislocation repinning is
possible, you should be able to see dislocation rearrangements (fatigue
hardening or softening). The only method that I know of, that is not hampered
by this problem, is positron annihilation, because it does not require dis-
location mobility. In addition, and if you are lucky, you may be able to use
an eddy current method, but that may require low temperatures to see effects
due to dislocation resistivity.
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FATIGUE LIFETIME PREDICTION WITH THE AID OF SAW NDE*

B.R. Tittmann and 0. Buck
Rockwell International Science Center

Thousand Oaks, CA 91360

ABSTRACT

The scattered radiation of elastic waves from fatigue cracks in metals is interpreted for their
detection and characterizations. The studies concentrated on predicting the remaining fatigue life for
single fatigue cracks above the "threshold" value for macrocrack propagation. Acoustic surface waves
were used to interrogate the crack during cyclic fatigue. The inversion of the scattering data provided
crack depth and crack length as a function of fatigue. Auxiliary experiments were conducted to study
effects of crack closure. Since the closure load depends strongly upon crack depth, especially in the
near-threshold regime, improved life prediction is the expected result.

INTRODUCTION SC79 7138

The increasing use of failure prediction tech- T RAYLEIGH WAVE TRANSMITTER

niques has motivated the rapid evolvement of meth- R RAYLEIGH WAVE RECEIVER
ods to measure the length and depth of part-through -- RAYLEIGH WAVE
(surface breaking) cracks. In a recent review -L- LONGITUDINAL WAVE
Doyle and Scala presented a progress report on -$- SHEAR WAVE
both bulk acoustic and surface acoustic wave (SAW) ARROWS SHOW DIRECTION OF TRAVEL
methods of the measurement of the depth of part-
through cracks. Since this review, there have been
several reports on new techniques and approaches T A

using surface waves which show considerable -
promise. L

L S /a
Khuri-Yakub and Kino2 have developed a new L /

technique for exciting high-frquency (100 Mfz S t B
range) surface and shear acoustic waves on non- LANDSWAVESPROPAGATE
piezielectric materials. Fraser, Khuri-Yakub and OVER WIDE ANGLES. DIAGRAMKino have produced a design for an efficient SHOWSWTYPICALBEAMAXES.

broad-band wedge transducer. Resch et a14 have i_
carried out measurements with a surface wave probe
and predicted fracture stresses in good agreement c
with those measured. The calculations of the frac-
ture stress were base , in part, on theoretical Fig. I Behavior of ultrasonic Rayleigh wave im-
developments by Kino.9 Domarkas et al have ob- pinging on surface-breaking crack.
served structure in the frequency dependence of the (Courtesy of Hodgell, Morgan and Lumb.)
acoustic surface reflection coefficient associated
with a rectangular slot which they have interpreted whilst the other two mode convert into shear and
in terms of resonances across the length and depth longitudinal mode bulk waves propagating1nto the
of the slot. Ayter, Auld and Tan" have developed plate at approximately the angles shown. When
two theoretical approaches based on real recipro- the Rayleigh wave travelling down the crack face
city relations for the scattering of Rayleigh reaches the crack tip, further modification oc-
sugfjce waves by part-through cracks. Tittmann et curs. Part of the energy propagates around the
al have reported experimental data and a simple crack and up the other face as a Rayleigh wave.
model on the estimation of the size of small part- The remaining energy converts to a shear wave and
through cracks. possibly some longitudinal waves also. The shear

component at the tip of the crack travels to and
None of these techniques make use of a concept, reflects from the back wall of the plate, impinging

developed a lon 0 time ago by Cook at the British on the crack face at grazing i .cideroe, thereby
Raylways Board. This concept is illustrated in undergoing re-conversion Hck to a Rayleigh wave.
Fig. 1, taken from the work of Hudgell, Morgan, and Lumb, Hudgell and Winship have proposed to uti-
Lumb, and makes use of monitoring transit times lize this change in mode at the crack tip to esti-
of ultrasonic echoes associated with the crack and mate crack depth in parallel sided components.
specimen geometry. They consider that portion of Hudgell, Morgan and Lumb have enployed this
the generated Rayleigh wave which is not reflected concept for depth measurements of fatigue cracks
at A. It splits into three components - one induced in gas pipe line material. This Ipproach
travels down the crack face as a Rayleigh wave, has recently been criticized by A. Brown on the

*This research was sponsored in part by the Center for Advanced NDE operated by the Science Center,
Rockwell International, for the Advanced Research Projects Agency and the Air rorce Materials laboratory
under Contract No. F33615-74-C-51R0.
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basis that this model, in principle, should be To study the growth of these true fatigue
valid only in the limit where the Rayleigh wave- cracks under well specified conditions, the plates
length is very much smaller than the crack depth, a were machined into dog-bone type specimens and sub-
condition not accessible in most practical applica- jected to cyclic tension-tension fatigue. This
tions. Typically, the wavelengths are more nearly part-through crack geometry (PTC) specimen had the
of the order of the crack depth so that the Ray- following dimensions: 0.45 cm thick, 3.P cm wide
leigh wave sees the entire crack at the same time. and a 6 cm gauge length. The specimens were cy-

clicly loaded in an MTS electrohydraulic system in
The work described in this report attempted to laboratory air under the following loading condi-

test and evaluate the technique on an aerospace tions:
material undergoing fatigue cracking. The predic-
tion of the crack depth was compared with those ami n = 1 ksi, amax = 39 ksi
obtained from fracture mechanics during and after
specimen failure. The technique was tested under with the external gross section stress being of the
various static loads ranging from tension to com- form
pression loading. Finally the limitations of the
technique were explored in terms of sources of 'max + 'min 'max - 'min
errors, the influence of specimen geometry, the a --- + 2 sin A.
effect of crack orientation, and the role of
Rayleigh wavelength via-a-vis the crack depth. The specimens were cycled at a rate{i/2) 1 sec

-

CRACK LENGTH
In the SAW experiments, commercial broadband

Experimental Technique - The material chosen for longitudinal wave transducers were used with water
the measurements was Ti-15A, which is an unalloyed, wedges to provide both the transmitter and receiv-
relatively clean titanium, often used for tubing er, as described previously. A Parametrics Pulser-
material in corrosive environments. The specimens Reciver was used with an external attenuator to
were prepared as plates (10 cm x 30 cm x 1 cm) with generate and receive the signals. A Biomation
a spark eroded starter notch. The plates were 8100-D was employed to digitize the signals re-
first subjected to fatigue cycling in a four-point ceived and to provide an interface with a Data
bending apparatus. After a true fatigue crack had General S/200 Eclipse computer. This minicomputer
been initiated, the plates were ground and polished was used to obtain the Fourier transform of the
to remove the starter notch, leaving a nearly signal, which was typically divided by the trans-
closed part-through fatigue crack in the remaining ducer transfer functions in order to calculate and
material. These cracks were typically 2-3 mn in display the normalized magnitude of the resulting
length and about I an deep. With the specimen Fourier transform. The transducer transfer func-
plates prepared in this way, the first phase of tion was obtained in a separate experiment in which
measurements of crack depth and length was carried the surface waves were back-scattered from a refer-
out. Figure 2 shows a micrograph of one of the ence scatterer, typically a sharp edge of quasi-
cracks during the phase I measurements. Infinite extent.

100X

500X

Fig.2 Micrnqraph of fatigue crack
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Results - The fatigue cracks discussed above were T,- T -- r

studied in both the time and frequency domain to T ,

determine the length of the cracks. For suffici-
ently short pulses, the signals from the extremi-
ties of the cracks can be resolved such that an
analysis in the time domain is possible. This pro-
cedure is demonstrated in Fig. 3 which shows rf
waveforms for pitch-catch, in which one transducer
sends its beam normal to the crack face, while the
other transducer receives the scattered radiation -

inthe direction parallel to the crack plane. Two
closely spaced signals are observed, which are
thought to be assocldted with two point-sources
each corresponding to the crack tip near the sur- AV,

face. The radiation corresponds effectively to a VGc o 1
dipole source producing rf waveforms in phase oppo- ,o,
siton as is apparent in the figure. The separation
of the two signals corresponds to the time-delay
calculated on the basis of a Rayleigh wave
traveling along the length of the crack. Thecalculated crack length of 2.85 mm is in good
agreement with the 2.80 mm measured under an

optical microscope. U 1  1 V LL
A 2 4 6 2 1

FRIO M-Hi

SG 19 3954

F , T Fig. 4 Length determination of fatigue crack in
4 commercial Ti from side-scatter frequency

domain studies.

I CRACK DEPTH

-Experimental Procedure - From Fig. 1 it can beAreadily deduced that the transit time between the
Iecho at A and the echo from the back wall is

AT= 2a +(t - a)()
V v

IR S

where yR and vS are the velocTties of the Rayleigh

and shear mode waves respectively, a is the crack
depth, and t is the plate thickness. From this
expression, a can be determined by precision mea--- / surements of AT, t and a knowledge Of vR and S

Figure 5(a) presents a photograph displaying

the two echoes as observed on the cathode ray os-
2 cillograph. The signals were obtained on a refer-

TMEus, ence specimen into which a slot had been cut by
spark erosion. The slot was cut such that it was

Fig. 3 Length determination for fatigue crack in possible to inject alcohol into its interior with-
commercial Ti from side-scatter time- out wetting the exterior specimen surface. The
domain signals, result of the alcohol injection is presented in

Fig. 5(b) which shows the second echo attenuated
Figure 4 shows the normalized Fourier trans- and spread out in time. This result demonstrates

forms of the time domain waveforms shown in that the second echo, indeed, has spent some of its
Fig. 3. It is easy to see that the existence of travel time as a surface wave propagating on one of
two somewhat separated pulses in the time domain is the surfaces of the slot. Figure 6(a) shows the
equivalent to interference in the frequency domain, same two echoes for a crack in one of the Ti-15A
With thequse of algorithms developed in previous plates. The instrument used here was a Tektronix
papers , it is relatively straightforward to esti- 475 DM44 Digitial Time Interval Oscilloscope which
mate the length of the fatigue crack by noting the allows display of two traces of the same signal
spacing between the nulls and peaks. The calcu- with an accurate (to 1 nanosec) time delay count
lated values for the length (3 mm) are in good between the two traces. In Fig. 6(a) the top trace
agreement with those obtained in the time domain, show the same two echoes (echo A and the back wall
Note that the observations of multiple nulls echo C) as the bottom trace except attenuated such
(peaks) allows, in turn, a multiple set of esti- that echo A in the top trace is the same amplltude
mates and the obtainment of a statistical average. as the echo C in the bottom trace. This comparison
An additional advantage of the frequency domain reveals the similarity between the two echoes and
analysis is that careful signal processing would demonstrates the ease by which the two can be
still allow estimates to be made in the situation superimposed, so as to align the detailed struc-
where the two corresponding waveforms are overlap- tures of the two waveforms. Once this matching is
ping and cannot be resolved, accomplished AT is simply read on the digital time
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T-~ h I I T T-

14

ii at hode- ray o-,c i os cn it, ;hot o of c ra c echo' eaI o Y cv '
Wb crack filled with alcohol.

PLATE E 0.5 "xec"(fv

NO PRESSURE 400 PSI LOAD

(a) (b)

fiq. f) Cathode-ray oscilIloscope photo crd echoes (a) without crack closure stress
Wb with 4ofl psi rack closure load.

interval couinter. Repeatabl1ity for the A T deter- the tine interval between echo A and C andi in the
10 na 'ion was within I nanosec. Figure 6(h) shows a top graph the amp)lituide of echo C. The three
s imilIar pho(to for a tensile (crack opening) load of qjraphs show the ;ame basic trends, namely that as
400 psi . This load was achieved again by subjecting the crack is forced to close, the crack edge echo A
the specimnen p late to a static foiir-poi nt bending and crack tip (hack wall) echo C udc Plop lower avi-
load in a commercial vertical loadinrg rig. A com- il it ides and AT becomes small er. The total charitle
pani son of i i1. 6( a) and (I)) shows a not iceabl e in ', is only about ?%. which is reasonable for
increaseo in the aimplitile of echo r when the crack this case of fully stabil ized cracks in which the
is polled apart. This and other features were in- plastic zone had time to relax to an equil ibriim
vestiqated more fully under systematic variat ions situation. As will be discussed later, for fresh
of the loadinil condi tion both under tens ion and cracks , exam'ined durn ni the second phase of the
compress ion strpnes O)ne examuple of thesep rt id it's experiments%, i.e. duirn n the fat icqine cycl1i nq to
is shown in Fit1. 7, which plots in the h,)ttutr traph fii lire, the total rhanqpes in '.T are much largjer
the ampl ituide of -rho AF. in the Ii de'raph 'T, since the itlastic o;no hail hadl no Itime to relax.



Thus, the nature and amount of stress, as well as
time after crack propagation, clearly play a role
in the determination of the crack depth.

As shown in Eq. (1) the determination of the
crack depth a is based on a knowledge of vR and vs,
the Rayleigh and shear wave velocity, respec-
tively. Rewriting Eq. (1) as

vR(AT vS - 2t)
a = 2(vs _ VR) (2)

shows that d is determined from differences of / 0

nearly equal numbers and is therefore sensitive to
errors in the values of vs and YR. Handbook values
are not sufficiently accurate so that additional
measurements are necessary. [CHU PS

For the v measurements in the plates of TI- IT

15A, it soon Became apparent that variations due to
texture were too severe to be ignored. For exam-
ple, vS = 3.254 km/sec and vS = 3.147 

km/sec for

polarization parallel and perpendicular to te
plane of the crack face. The mounting of a shear .124
wave transducer on the back wall opposite the crack
tip established that the conversion produces a

shear wave polarized perpendicular to the crack C

face. Use of this shear wave transducer alter-
nately as receiver and transmitter with a Rayleigh
wave transducer on the opposite wall near the crack
opening demonstrated the reciprocity of the crack ,4

tip mode conversion process.

The Rayleigh wave velocity was 
determined to be

2.920 km/sec by allowing the waves to reflect from 1. 2 ,- IN I I w M

the top and bottom of one of the specimen plate CRACK CLOSLRL CRACK ....CX O ,I 

edges oriented parallmel tof Hudgea, Morgan and Lumb , Fig. 7 Effects of crack closure/crack tension

that the velocity of the surface wave traveling stresses on amplitude of echo A (bottom) on
along the face of the crack is identical to the time delay AT between echoes A and C

Rayleigh wave velocity for propagation on a stress- (middle) and amplitude of echo C (top).
free surface of an infinite half-space. If this
interpretation is correct, then the measurement
described above should yield the value for vR
needed in Eq. (2) within the assumptions that the by contrast, show a much stronger dependence on
specimen plate is homogeneous and that roughness on load, as identified by a pronounced knee in the

the crack face does not appreciably affect t graphs. We interpret the knee to be due to crack
actual YR. Another possible source of error is opening and crack closure. Note that, as the crack

the presence of a residual stress at and in the was allowed to grow further, the knee is seen to
vicinity of the crack tip. This effect is more move to the left from tensile to compressive
like]y to Influence the value of vS; Herrmann and stresses which is a tendency in Ti-alloys we have
King

n
o have observed small changes in velocity in observed before. It is clear, that an arbitrarily

the region around a stressed crack tip. chosen stress, say zero load, for calculation of
the crack depth could lead to a meaningless compar-

Results -During the second phase of the invest ga- ison between the crack growth phases. It was
tfon te plate was machined into a tensile speci- therefore decided that the AT values corresponding

men, as described before, and examined at periodic to the high tension loads would be used for the
intervals during the fatigue cycling. Because of crack depth determination since the crack is fully

the tensile specimen shape, the crack length deter- open. These measurements were augmented by optical
mination could not be carried out and only the measurements of the crack length after polishing

crack depth measurements were performed. Since the away the surface fatigue damage. The results are
influence of static stress was shown to play an presented in Table I by tabulating the delay time
important role in the crack depth determination be- AT and the optical length of each phase of the fa-

fore, as seen in Fig. 7. these types of experiments tigue cycle experiment. With Eq. (2) and a knowl-
were also carried out here. Figure 8 summarizes edge of vS and vR, the crack depths can now he cal-
those data by showing the crack echo delay time AT culated. Before the presentation of the crack
as a function of tension and compression load for depth value is made, it is important to discuss an
four stages: 0, 4000, gO00, and l,OO cycles. The independent check and develop an alternate approach
bottom curve represents the stable, relaxed crack to the crack depth determinations. This was accom-

(several months after precracking) and shows a very plished with the aid of fracture mechanics whose
weak dependence of AT on load. The fresh cracks, application is discussed in the next section.
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FATIGUE CRACLOSI and where -r is the stress range, a is the true
crack depth, 2c is the crack length id is the

,I "yield stress, m is the maximum apple stress

,, and , is the angle in the crack plane with respect
COMRESIV ~to the crack length. For a given applied cyclic

TIFF_ ostress the stress intensity range Kl may be cal-
culated from a knowledge of the mechanical proper-

2W ties of the part (i.e.. id,. the crack depth a
and the depth-to-length r 0.o

o Assuming the crack is in the Paris regime of
validity, the ack-depth-increase-per-unit fati-.'
cycle da/dN isJ

.... . .da/dN = A(WK1 ) m  (4)

where A and m are material constants. The remain-
4OW CYCLES ing life or number of cycles to failure is then

CO 112. _ m-2
AN= 2 [ma

IT (m-2)A(CQ- 2) a c
E NONG CRACK L1

where KI, is the fracture toughness in mode I fail-
ure. Failure is imminent, i.e., AN = 0, whenI

20W W o m.. . ac 
2  (5)

LOAD IPSIl ITa

Fig. F Crack closure studies during fatigue 
max 2

cycling experiment. Figure 9 presents data obtained by Chesnutt
19

for da/dN versus AK. ^These data allowed determina-
tion of A = 3.5 x 10

"
9
, 
m = 3 and a - 40 ksi

Table I for the Ti-15A material. This info m on plus the
externally imposed stress range o = 38 ksi allowed

Measured Crack Parameters the calculation of the remaining number of cycles
AN.

Delay Time
Number of AT Optical Length .... I
Cycles (nsec) (nu)

- OATAYC4SNUT IUNPURLISED

0 3040 3.30 I ,TO IoFAS KR.S ,IMt

1,000 3170 -- I PRISE.FIT O ,A ENTS

4,000 3180 3.30
9,000 3220 4.42
11,000 3240 5.10
12,700 3290 6.17 I

/
I To

Since the crack growth takes place over a rela-
tively long time it is important to speak in terms
of a stress intensity range and a remaining life in
termslf the number of cycles for failure. After at
Irwin the stress intensity range (in mode 1),
AKI, is FI

AK CA, / (3)

where

To ,oo

C = 1.95 I. I

2max Fig. 9 Crack growth data for Ti-15A.
$2 - 0.212 mayeld1 From previous studies it is well known20 that

/2s 2 2  2  1 soon after crack initiation, further fatigue crack
[sin t + (a[c)s Cos2 E] dp growth is marked by the appearance of a semi-

0 circular crack shape. This means that a careful
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optical microscopy can give not only the crack S 79 609

length, 2c, but also the crack depth, a, since 4.82

c = a. Figure 10 shows data points based on this PLATE THICKNESS 4.82mmn,

assumption in reasonable agreement with the actual-
ly observed remaining number of cycles. The point 400

at the origin, i.e., at the beginning of the
cycling experiment is shown with large error bars
to indicate the possible uncertainty in the shape E

of the crack and therefore its depth from the sim- X
ple optical observation in this early stage of 3. 0f
crack growth. These results provide a useful way
to check on the crack depth determination from the
use of the acoustic waves. .o

2.00 -

SC79-5133

100 000 GUIDED WAVES 2.80km/ec

UNDERESTIMATE
REMAINING LIFE nA6 OPTICAL OBSERV OF 2C

2000 -

0 1.00 2.00 300 4.0 4.82
S-ACTUAL"CRACK DEPTH (-)

Fig. 11 Crack depths from SAW NOE.
U0

-SC796093
0I *1' , I .' I
OVERESTIMATEUNDERESTIMATE
REMAINING LIFE UREININALIE

10,000 REMAI

2000-

17,700I
10.000 50m0 2000

1NO RSERVED
4

0
o5000-

40,000 2

Fig. 10 Fatigue life from optical and fracture 0
mechanics measurments. 1oo00

OVERESTIMATE

Figure 11 summarizes the results by plotting REMAININGLIFE

the crack depth observed (estimated from acoustic 17.70 I
waves) versus the actual crack depth inferred from 10,000 booo 2
fracture mechanics. Two graphs are displayed: open ^,NOBSERVED

squares on a dashed line obtained from Table I in
the way already described, and, round dots on a Fig. 12 Fatigue life estimates from SAW NOE.
solid line in good agreement with the calculation
(triangular) from the optical observations. The
open circles are based on a fit of the crack depths work carried out by Ayter and Auld 2l demonstrates
from Table I with vR as variable parameter. A the complexity of the situation by proposing the
choice of v' - 0.96 yR - 2.80 km/sec gave good presence of circumferential waves which become
agreement wth the crack depths inferred from frac- leaky in certain situations depending on the crack
ture mechanics. Figure 12 shows the quality of fit geometry and crack size-to-wavelength ratio. A
of the calculations for AN based on this new value good understanding of what goes on is clearly an
for the velocity of the surface waves traveling on Important factor in employing this technique fo-
the crack face. Figure 11 shows the sensitivity of quantitative failure prediction.
the crack depth determination to the value of vR: a
change of 4% in yR is seen to cause a change in a CONCLUSION
of 50%. Since the precision of determining vR is
much better than 4%, the results suggest an inaccu- In this report, techniques for determining
racy In the model. One can speculate that the sur- crack depths and lengths have been applied to
face waves traveling on the crack face are guided fatigue cracks in plates of TI-15A. The main em-
waves which are in fact dispersive having a phase phasis was placed on evaluating an echo timing
velocity higher than, and a group velocity lower technique for determining the crack depth. The re-
than the Rayleigh wave velocity. Recent theoretical sults of the technique were used in a failure
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surface flaws." Materials Evaluation Oct.
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more fundamental limitation of the technique is its
inability to provide information for cracks in- 15. J. Heyman, private communication.
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technique has shown to be a powerful tool for pre-
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men with a fatigue crack. It has also shown to be
a new technique to study crack closure which is an 18. P.C. Paris and F. Erdogan, J. Basic Eng. 85,
effect of importance in explaining the driving 528 (1963).
force for fatigue crack propagation, in particular,
under spectrum loading, and at the least, under 19. J. Chesnutt, private communication.
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6. V. Domarkas, B.T. Khuri Yakub, G.S. Kino, that the rate of cycling is important? And did you
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Mr. Tittmann: I think that would be important.
8. B.R. Tittmann, F. Cohen-Tenoudj#, M. De Billy, Is Otto here? Can he answer that as a fracture
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random spectrum loading, life would be different. quency, you might get some additional information
With respect to your first question, I would not on the nature of the guided wave.
expect a large effect of cylic frequency on the
results. We did the experiments at about one cycle Mr. Tittmann: Yes. We plan to really look
per second. I think one can go up or down a few into that fairly carefully and look at the dis-
orders of magnitude, and you would not see too much persive nature of the waves. I have some prelim-
effect on the results. inary evidence that as the crack length changes,

the guide wave velocity changes. And I plan to
Does that answer your question? look into that fairly carefully.

Professor Herrmann: Yes, it does. Mr. Kraut: Eric

Gordon Kino: Bernie, why was the choice of Eric Ash: Eric Ash, University College
titanium? It's a very esoteric sort of material.

With regard to your model, I couldn't quite
Mr. Tittmann: People know a lot about it. For understand how the shear waves reflected from the

example,. the da/dN data were immediately bottom of the part were reconverted to Rayleigh
available. waves. Is there any focusing of the shear waves?

Mr. Buck: We want to change over to aluminum Mr. Tittmann: This is an interesting question
alloys now because we do not see markers and there- and concerns the details of the conversion process
fore we can not really pinpoint the crack front at at the crack tip, which we do not understand yet.
any instant in life of the titanium 15-A. I don't
know why that is. In aluminum you can clearly see Alastair Morton: Morton, N.S.R.D.C.
markers on the fracture surface so that one can
perform a clear identification of the aspect ratio These measurements of crack depth were single
as the crack grows. crack specimens; is that right?

Ralph Weglein: Bernie, how did you measure the Mr. Tittmann: Yes, that's right.
shear wave velocity?

Mr. Morton: How confident or how optimistic
Mr. Tittmann: We measured the velocity of a can we all be about making the crack depth measure-

shear wave traveling through the thickness of the ments this way when you have, say, several, maybe
plate. two or three cracks, in the specimen and then

moving on, say, eight to ten or perhaps many? Do
Mr. Weglein: I have another question. How did you think you will be able to distinguish which is

the shear wave velocity you measured compare with which?
the value in the handbook?

Mr. Tittmann: That's our next step in the
Mr. 'ittmann: Before I made that measurement, work. We have to first of all distinguish a single

I predicted Poisson's ratio based on book values, crack from sirface damage or machine grinding
and then compared the values and found them very marks. In other words, surface roughness. Then we
close. intend to investigate to multiple cracks and learn

to distinguish the deeper cracks from the shallow
Mr. Weglein: Another comment: The Rayleigh cracks. That's a tough job.

waves and the shear waves themselves are essen-
tially nondispersive but the guided wave isn't. So Mr. Kraut: All right, thank you, Bernie.
when you take measurements as a function of fre-
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SUMMARY DISCUSSION
(B. Tittmann)

George Hermann (Stanford University): Sort of a general question by a person who does
not work in fatigue himself at all. Is it possible that the rate of cycling is
important? And did you consider tnis as a parameter? Particularly because the
cycling rate in the laboratory will certainly be quite different, I presume, than
the cycling rate of a natural structure in the field.

Bernie Tittmannt I think that would be important. Is Otto (Buck) here? Can he answer
that as a fracture mechanics person?

Otto Buck (Science Center): That was all done in the constant amplitude cycling.
Certainly, if you would do random spectrum loading, life would be different. I
guess respecting the first question, I would not expect a large effect of cycling
frequency on those results. At least we did it at about two cycles per second.
I think it can go up or down a couple two orders of magnitude, and you would not
see too much effect on that. Are any titanium people in the audience that would
contradict that statement?

Gordon Kino (Stanford University): Bernie, why was the choice of titanium? It's a very
esoteric sort of material.

Bernie Tittmanno People know a lot about it. For example, the D.A.D.M. data was
immediately available.

Otto Bucks As Bernie said, we want to go over to aluminum alloys now because we did
not see striations where we can really pinpoint the crack blunt at any instant in
life on the titanium 15-A. I don't know why that is. Again, I'm not a titanium
specialist, but in the aluminum you can clearly see striations so you can do later
on clear identification of aspect ratio as the crack grows. We start off here in
that particular case I believe the (inaudible) ratio of .2, which is quite low.
That is how we started the fatigue crack in the first place, and then it would
(inaudible) and shoot over to (inaudible) 45. And from then on go stable. But
with that aspect ratio staying constant you could clearly see that in aluminum.
So, our next choice will be aluminum or something else where we see the
striations.

Ross Weglein (Hughes Research Lab): Bernie, how did you measure the sheer wave
velocity? (Cylindrical Rayleigh Wave velocity)

Bernie Tittmann, We measured the velocityof a plane sheer wave traveling through the
plane. The comment about the cylindrical sheer wave, that follows simply because
you have a long line; and if it's going to be a bulk wave, it has to be
cylindrical.

Ross Wegleini I have another question. From that sheer wave, now a surface wave, you
can calculate a relationship. How does that compare with (inaudible)?

Bernie Tittmann, Very close. I predicted Foisson's ratio first before I made that
measurement based on book values, and then checked it. And it was very close.

Ross Wegleins Another comment. The Rayleigh waves and the sheer waves themselves are
essentially nondisbursive but the guided wave isn't. So when you take measurements
on frequency, you might get some additional information on a guided wave.

Bernie Tittmann, Yes. We plan to really look into that fairly carefully and look at
the disbursive nature. I have some preliminary evidence that as the crack length
changes, the guide wave velocity changes. And I plan to look into that fairly
carefully.

Eric Ash (University College, London), With regard to your model, I couldn't quite
understand why the reflected sheet waves from the bottom were reconverted to a
Rayleigh wave because it's coming out more or less cylindrically and will continue
to expand cylindrically and focus back.

Bernie Tittmann, No, I didn't make any statements about focusing, although I could.
There is a plastic zone around the crack tip which has a slightly different
velocity, as Gordon will tell you, and there might be some focusing present. You
don't think so? Okay, I'll withdraw my statement.

(continued)
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Bernie Tittmann (discussion continued)

Eric Ashi I was referring to the reflected wave from the bottom of the sample. I don't
see why that ever finds the crack again unless the bottom of the crack is very
close to it. It should have expanded enormously.

Bernie Tittmannt Oh, these are plates, and the crack is not that far away from the
bottom.

Alastair Morton (N.S.R.D.C.)i These measurements of crack depth were single crack

specimens: is that right?

Bernie Tittmannt Yes, that's right.

Alastair Mortont How confident or how optimistic can we all be about making the crack
depth measurements this way when you have, say, several, maybe two or three cracks
in the specimen and then moving on to, say, eight to ten or perhaps many? Do you
think you will be able to distinguish which is which?

Bernie Tittmanna That's our next step in the process. We have to first of all
distinguish a crack from the cuts or machine grinding marks. In other words,
roughness. And then go to multiple cracks and be able to pick out perhaps the
deeper cracks from the lesser cracks. And that's a tough job. I don't want to
offer you a panacea. We have to look into that to be able to answer that. It's
clearly the next step.
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THE USE OF ACOUSTOELASTIC MEASUREMENTS TO CHARACTERIZE THE STRESS STATES IN CRACKED SOLIDS

J. Hunter, R. King, G. Kino, D. M. Barnett, G. Herrmann, and D. Ilic
Stanford University
Stanford, CA. 94305

ABSTRACT

The theory of acoustoelasticity predicts that a plane longitudinal acoustic wave passing through a
solid which is already in a deformed state will propagate with a velocity (v) which is different from
the (vO ) of the same wave propagating through the undeformed medium. It may be shown that
Av/v0 = (v-v0 )/vo = B(o1+o2 ) where aI and 0? are the principal stress in the plane normal to the
wave propaga tion direction and B is the acous oelastic constant. Wave transit time measurements allow
the relative velocity change Av/v0  to be determined, so that contours of constant principal stress ,um
(01+02 ) may be mapped by acoustically scanning a stressed solid.

We have used the technique described above to characterize the states of stress in cracked and
notched aluminum panels. A method for extracting crack stress intensity factors from the acoustic data
is proposed and illustrated for center-cracked panel specimens. The results indicate that the technique
may offer a promising method for nondestructive testing and evaluation.

Scanning experiments involving both shear and longitudinal acoustic wave probes may, in principle,
be used to nondestructively determine the complete state of plane deformation in a stressed solid. We
shall point out how one may use such acoustic information to determine the J integral and the M integral
associated with cracked specimens. The integrands of these elastostatic conservation integrals contain
terms involving elastic rotations which are not directly obtainable from the acoustic data, but it is
possible to use forward integration of the compatibility equations to obtain the requisite information.
An illustration example in which J and M are determined using this technique will be presented. This
technique may find practical applications in the continuous nondestructive monitoring of critical struc-
tural elements.

INTRODUCTION incidence to a body in a state of plane stress,

with wave speed (vO ) and (v) in an undeformed
In recent years research has been conducted and deformed medium, respectively, acoustoelas-

on development of acoustoelastic measurement tech- ticity predicts
niques, in conjunction with the theory of acousto-
elasticity, into a nodstructive experimental .v/v0 = (v - vo)/v 0 = B(-1 + (
stress analysis tool.1 1 This paper discusses the
application of ultrasonic stress measurements to where (,I) and (2) are the in-plane principal
fracture mechanics. With knowledge of fracture stress components, and B is a material constant
mechanics quantities such as the stress intensity which depends on the elastic constants (E, . and
factor and the J integral, and making use of the third order Murnaghan constants) nf the mater-
appropriate fracture criteria, an assessment cn ial. For a given material B can be determined
be made of how dangerous flaws might be which xist directly using a uniaxial tension calibration test.
in structural elements. Attempts which have been It is important to calibrate the material under
made to use ultrasonics to nondestructively evalu- study because B varies widely among different
ate these quantities are summarized here. The materials. The relative velocity change. (-v/vn)
first part of the paper describes measurement of is measured with longitudinal ultrasonic waves
the stress intensity factor while the J and M using a technique described in detail in Ref. 1.
integrals are discussed in the second. It should be emphasized that longitudinal wave

measurements permit the determination of the prin-
MEASUREMENT OF K, FROM FAR FIELD ULTRASONIC DATA cipal stress sum only. The seoarate principal

stress components and the principal directions can-
Investigation has been made into the use of not be evaluated with longitudinal waves only. 1he

longitudinal wave ultrasonic stress measurements to laboratory apparatus used to make ultrasonic
nondestructively determine the stress intensity measurements is shown in Fig. I. With the aid of
factor in specimens containing cracks. This work a laboratory minicomputer, this testinq machine is
is part of the recently completed doctoral thesis capable of making measurements throuqhout a two-
of John Hunter.

5 
Discussion will be limited to dimensional grid. Usinq our capability of deter-

mode I, or opening mode deforwiation, although the mining the sum of the principal stresses point by
technique to be described is applicable to mixed point in plane specimens, an attempt has been made
mode cases. to evaluate stress intensity fa(tors. In Fih. 2,

an infinite plate containing a crack and subjected
The use of ultrasonics to measure stress is to remote uniaxial tension is shown. The elasti-

based on the theory of acoustoelasticity, which city solution for this cae has been recently
predicts that the velocity of an acoustic wave discussed by ftis et al. and is given in terms
propagating through a solid depends on the state of a complex potential functior,
of deformation and hence the state of stress in the
solid. For a plane longitudinal wave at normal
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a +c = ooRe(2Z/ (z2 
- a2)1 /2; - o 7

G = 2Reo' - 2yno" - a/Z xx +yy a

S 2Re' + 2yIm" Again introducing the same stress intensity factor,
'yy Eq. (3), used earlier,

xy -2yRe4" (2) 2K 2 2 1/2a + . ...1 Re{2Z/(Z
2  

a 00 o (8)
where *(z) =(aoe2) 2  7 a - (aO/4)Z . (Primes 0xx yy 7- R(
denote differentiation of a function with respect
to its argument.) Expanding this solution for
small values of r , the radius measured from the In Eq. (8) the stress intensity factor is multi-

crack tip, and introducing the mode I stress inten- plied by a new geometric factor which will be valid

sity factor for an infinite plate anywhere in the infinite plate. Now, in attempting
to measure K for a specimen, an assumption is

K = GO7Td- (3) made similar to that made previously: in the
1 0 region in which data is being taken, it is assured

leads to that the principal stress sum for the specimen
under test has the same geometric dependence exhib-

KI ited by the infinite plate solution in Eq. (8), the

o - cos(0/2)[I - sin 0/2 sin 30/21 boundary conditions only affecting the value of
V-r KI I If this assumption is valid, and a straight

line is fit through a plbt at measured (axx + a
112  at various points versus the value of the geometr

0O + 0(r factor at those points, the stress intensity factor

K 11 would be given by the slope of that line (Fig. 4).
K.. cos(o/2)[1  + sin 0/2 sin 30/2) + O(r/2

yy 2 o/r An attempt was made to apply the procedure

described above on a center-cracked panel (Fig. 5).

KI It was proposed to take ultrasonic data in a 20 mm
I sin 0/2 cos 0/2 cos 30/2 (4) square grid in front of the crack. Before the

xy experiment was conducted, the validity of the
assumpdion discussed above was investigated using a

In fracture mechanics the assumption is made that numerical (boundary collocation) solution for

regardless of the geometry and loading on a body stresses in a center-cracked panel. 8  The numerical
containing a crack, the stresses in the near tip solution was scaled so that the principal stress

region have the same geometric dependence as that sum matched the infinite plate solution at one

shown in Eqs. (4) for the infinite plate, and the point, and the contours for the stress sum for the
boundary conditions only affect the value of the numerical solution were plotted on top of those for
single parameter KI . Summing the first of Eqs. the infinite plate. These contours matched quite
(3), one obtains well in the 20 mm square region of interest, indi-

cating the assumption was valid in this case.

2KI  Ultrasonic measurements were then made in this

0 + 0 - - cos 0/2 - o0 + O(r 11) (5) region using the experimental apparatus described
xx yy '2- 0reviously at 400 data points (I mm point spacing).

Since the acoustoelastic B (Eq. (1)) was known
from a calibration test on the material (aluminum

and for plane specimens 6061-T6), the principal stress sum could be deter-
+ (6) mined from the ultrasonic data. Plots of measured
1yy values of principal stress sum-versus geometric

factor are shown in Fig. 6. For two values of
Making use of the assumption discussed above, if applied load, the straight lines that fit through
ultrasonic measurements were available in the near the data points g'ive an estimate for K, within
field, the stress intensity factor could be evalu- 20% of the handbook value for this geometry.
ated easily. A method which makes use of several
data points is shown in Fig. 3. Referring to the From these preliminary results we are encour-
coefficient of KI in (5) as the "geometric factor" aged that this technique can be developed into a
measured values of the principal stress sum could useful tool for determining the stress intensity
be plotted versus the value of the geometric factor factor in practical situations.
at those points. A straight line fit through the
data would give an estimate of KI as its slope. DETERMINATION OF THE J AND M INTEGRALS
Unfortunately near tip data are difficult to obtain .... TR 1 T .
and there are nonlinear effects occuring in this
region which are not accounted for by the theory Another area of application of ultrasonic
underlying the stress mcasurement. (This is true stress measurement capabilities to fracture mechanics
of other experimental techniques as well as ultra- is experimental evaluation of the J and M integrals.
sonics.') Consequently it is desirable to be able The definition and physical interpretation of these
to measure the stress intensity factor from data quantities is discussed in Ref. 10 and will be sum-
further away from the crack tip, a region in which marized here. The J integral is a contour integral
the neglected terms in Eq. (5) become important. To around the tip of a flaw in a solid and is defined
do so, it is necessary to extend the concepts dis- as
cussed thus far. Returning to the expressions for
stresses in the infinite plate solution, and summing
the first two leads to J f I (Wnx - TKUKx ) ds M

c
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where W is the strain energy density, TK is the nondestructively by any experimental technique.
traction, and U is the displacement along the The importance of the rotation term was investiqa-
contour. J reprtsents the mechanical energy release ted for both the J and M for two analytical cases,
rate with respsect to translation of the tip of the and it was found to contribute from 50'. - 75. of
flaw in the x direction. M is defined as the results; thus it is certainly not negligible.

M = (Wnix i - TKUK ixi) ds (10) A method for determining ,x" from stress
c 1 data by making use of compatibility relations is

proposed. Using the definitions of stress and rota-
where c is a contour completely enclosing a flaw. tion,
M represents the energy release rate with respect
to self-similar expansion of the flaw. The practi- 1/2(ui . + ui
cal significance of these quantities is similar to i

that of the stress intensity factor. For elastic I/2(u i  - u. ) 1 (14)
deformation J is the same as the crack extension ij 1,j li
force G I , thus

the gradients of rotation can be expressed in terms

K2 (11) of strain gradients by
3 G( I

and knowledge of J enables determination of KI  xy,x xx,y xy,x

J is more generally useful than KI , however, = I -
because while K versus Kic as a fracture crite- xy,y xy,y yyx
rion is restricted to cases of small scale yielding,
J vs Jc is valid for general yielding so long Noting
as no unloading occurs. The M integral is useful
because, using path independence arguments, J can d, dx + dyJ6)
be determined from M (and M gives useful results xy xyIx xyy
for closed contours, which are sometimes more con-
venient, while J gives zero). For instance, it is and using Hooke's law, in plane stress one obtiins
easily shown for an interior crack that dxy = 1j' - , -y (1 + ) xyX

] 
dx +

M = 2aJ (12)
1( ) - . + v~Idy. (17)

where a is the half crack length. Applications of xyy yyv xxy

the M integral in determining stresi.intensity fac- The rotation at any point can now be determined by
tors have been discussed by F reund. Iintegrating forward from a point at which rotation

Nondestructive measurement of the J and M integrals is known:

involves evaluation of the integrand at several
points along a contour and then numerically inte- . +

grating to determine J or M. By expanding the J xy xy(wYo
) +  

d.. (IK
integral in Eq. (9) it becomes clear what this x0 ,y0  xy

entails for in plane stress:
The stress gradients in Eq. (17) are determined

J = 1/E f 1/2(o 2 _c2) dy 4 ' - + ) dx numerically using a central difference formula. It

c yy xx xy(x + yy now appears that shear wave measurements will permit
determination of all quantities in the integrand of

+ f ,xy(,xydy - ,yydx) (13) J and M for plane specimens. This technique was

c tested on the infinite plate solution. The stress
values from this solution were stored in a two-dimes-

Thus determination of J requires knowledge of the sional grid in the first quadrant (Fig. 7). taking

entire stress tensor along the contour as well as advantage of symmetry. The rotation was determined

the rotation component wxy The same holds true using Eq. (18), and the J and M integrals were deter-

for M. While in some geometries the integrand mined by integrating numerically. The results for
simplifies considerably and knowledge of the prioci- the rotations are shown in Table I. There is ansmplifess csmiderablyan knowl e othe pinc- apparent smoothing effect in iumerically inteqratinq
pal stress sum is sufficient to evaluate the inte- the data resulting in more accurate determination ofgrand

12
, in general this is not true. However, te3adMitgasta o h oain hm

the J and M integrals than for the rotations theml-
shear wave measurements are capable of determining selves (Table 11). In an effort to simulate experi-
the full itate of stress point by point in a plane mental data, random noise was introduced into the
specimen. Unfortunately it is difficult to take d
shear wave data at many points due to the problem experimental data. The technique appeared quite

of coupling the wave to the specimen.
2
.
3  

A shear capable of handling this as shown in Taile Ill. Ccn-
wave scanning apparatus similar in principle to that sequently it is hoped that when shear wave measure-

shown in Fig. 1 but using direct mechanical coupling ments are available it will be possible to use this

of the transducer to the specimen has been construc- method to evaluate the and M integral for practial

ted at Stanford University. Preliminary testing is plane specimens.
underway, and it is hoped this device will enable
the use of shear waves to determine the stress state CONCLSIN

in plane stress specimens in the near future. Of Application of ultrasonic stress measureents
the terms in the integrand in Eq. (13), it would to the nnndestructive evaluation of fra(ture me(h-
then remain to determine x . It is not clear how to tnnttie a lt of prae turn me-
to directly measure this quaXtity at many points anc' mantitie,. hs been presented. It is er,, tnO
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that these techniques can be developed into a use-
ful tool for assessing the status of flaws in Hydrauflc

practical situations.
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K. . 60 mm . . X Y EXACT APPROX I I PI R

8.00 0.00 0.000030 0. 000LIO 0
8.00 1.00 0.000241 0.000217 -9.95

Fig. 5. Center cracked panel showing scanned area. 8.00 2.00 0.000584 0.0 0 0'; -1.04

8.00 3.00 0, 00027 0.06Ws;8 +2.58
8.01 4.00 0.0004t, 0.0000; -2.17
8.00 5.00 0.001"75 0.000'373 "1.10
8.00 6.00 0.000350 0.02028 - .Mi
8.00 7,00 0.000285 0.0082, 1 -1.1I0
8.00 8.00 0,00W'11' 0.0 V12 13 -2.86
7.00 8.00 0.ON), 0 ,o " -4.55
6.00 8.00 0. 000)270 0. 01(P> 5.S6
5.00 8. Oi 0,O0 0.00W2.? 0 I 1 6.44

4.OO 8.00 0.1.07101 0.0202 -7./
3.00 8.00 0.00101 O.07i2 i 8.96
2.00 3.00 0.0001ti . 0.0(0U/; -11.1
1 .00 .00 " 0 , OY ; .i/', 0.U U )rFA - 16
C.00) 8.00 0{O00tiO 0.000014

AVE.. IRROIP: 5.61%

Table I. Comparison of rotations determined numeri-

cally versus theoretical values.
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-J ILGRAL:
APJ'iR'X EXACI ZL-DOR
2.005 2.01I .44

ILMUMrU ,

APBIOX XACI URORII
19.94 20.14 0.99

Table II. Results for the J and M integrals evaluated
using theoretical data.

NOISE LEWL J INIEGRIL M INTEGRAL

0 2.M .44 19.94 99

10 2.013 .05 20.04 .50

20 2.03 .94 20.26 .60

30 2.i,5 2.50 20.% 2.20

Table III. Results for the J and M integrals using
simulated experimental data.
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SUMMARY DISCUSSION
(R. King)

Unidentified Speaker: What was the sensitivity of these measurements?

R. King (Stanford University): We usually do measurements on aluminum because we
feel our system will do a better job on that. It depends on the value of tne
P constant I showed, the proportionality constant. For aluminum that constant
is high, which means there is a high relative velocity change with stress. I'm
not sure percentage-wise how accurately we can measure stress. I would say
probably plus or minus ten-percent. With steel, the effect is smaller, and

although we can make stress measurements in steel, it is somewhat more difficult.
The trick we have used is to first attempt to make stress measurements on a
certain specimen configuration on aluminum, and then go back and try it on steel.

Unidentified Speaker: I wanted to congratulate you. That was really beautiful work.
But I wanted to ask you - you did K measurements, as a function of crack depth.
Now, was it a real, true fatigue crack, or did you guys give a saw cut and change
the depth of the saw cut?

R. King: Actually, this one was a fatigue crack. I didn't mention it was grown by
a colleague, Mike Resch, who helped us make a laser burn on the specimen to
create a small cavity. We fatigued the specimen and grew a crack outwards from
this cavity. We have also made measurements on "phoney" cracks made by saw cuts.

P. Holler (Inst. fur Zerstorungsfreie Prufverfahren): You can do it on C.C.D.
specimens. Do you have any idea how to get the proper radiation in the normal
case? You need an angle of incidence parallel to the crack face, and also to
the crack growth, or is it mainly a thought for C.O.D. experiments and things
like that?

R. King: We need an angle of incidence normal to the plane of the specimen. Every-
thing I have done is restricted to that. We are looking into methods of three-
dimensional stress determination. It's more complicated. We're going to lick
the two-D case first.

P. Holler: Thank you very much again.
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ACOUSTIC MEASUREMENT OF MICROSTRUCTURES IN STEELS

N. Grayeli, D. B. Ilic, F. Stanke, G. S. Kino, and J. C. Shyne
Stanford University

Stanford, California 94305

ABSTRACT

The measurement of acoustic properties can be used for the nondestructive characterization of the
microstructure of materials. We have measured the changes in longitudinal acoustic wave velocity and
acoustic attenuation in steel specimens whose microstructure and properties differ widely because of
differing compositions and heat treatment. The spatial variation of the relative acoustic velocity in
standard Jominy end-quench hardenability test specimens was found to correlate very well with Rockwell C
hardness scans, indicating a potentially practical method for measuring the hardening response of heat
treated steel. Absolute velocity measurements on steel specimens were found to be subject to random
scatter related to minor compositional variations; this limits the utility of absolute velocity measure-
ments for microstructural NOE. Attenuation measurements have also been performed on steel samples with
different microstructures. The measurement utilized broadband acoustic pulses corrected for transducer
response, liquid buffer/solid specimen reflection, and diffraction effects. Attenuation coefficients were
seen to be proportional to frequency squared for martensite and to the fourth power of frequency for
pearlite. Higher attenuation was observed for pearlitic than for martensitic microstructures.

Acoustic methods can be applied to the nondes- rather than pearlite and ferrite. This steel has
tructive characterization of the microstructure of been cooled rapidly in water after annealing at
materials. This paper reports the initial efforts 900°C; the fast cooling causes the formation of
of our interdisciplinary program to explore nicro- martensite, a supersaturated solid solution of car-
structural acoustic NOE. The experimental materials bon in iron. Mechanical properties are strongly
were steels. affected by the proportions of ferrite and pearlite

and by the existence of martensite rather than
The properties of materials, especially mechan- pearlite and ferrite. Changes in microstructure

ical properties such as tensile strength, hardness, such as these, enable steels to be heat treated
and impact toughness, are strongly dependent on to obtain optimum combinations of properties.
microstructural features like grain size and shape,
the proportions and spntial distribution of the ACOUSTIC VELOCITY MEASUREMENT
phases present, and macroscale heterogeneities in
microstructure resulting from local compositional or Our measurements of longitudinal acoustic wave
thermal-iivechanical processing variations. This is velocity in metallic samples were made with a com-
true of both metallic and ceramic materials. The puter-controlled system developed for measuring
microstructural character of materials and their acoustic velocity fields in solid samples immersed
related properties are usually assessed by micro- in a liquid buffer. The measurements use a two
scopic examination or by direct measurement of prop- pulse-echo technique that cancels out the effects
erties; such procedures are often costly, and are of the liquid buffer. The measuring method is il-
necessarily destructive, requiring sacrificial ex- lustrated in Fig. 2. Two sets of tone bursts
ample specimens. several rf cycles long are transmitted, and their

reflections from the specimen are received by a
Steels are basically alloys of iron and carbon mechanically scanning commercial transducer. The

modified by minor additions of other elements. delay between the two pulses is adjusted to overlap
Steels exhibit remarkable variability of mechanical the back-face echo of the first pulse with the
properties. These useful properties are dependent front-face echo of the second pulse, and this sum is
upon the rather complex microstructure of steel gated out and detected. The product term is then
which can be closely controlled by proper selection used as an error signal in a phase-lock loop, which
of composition and heat treatnent. adjusts the frequency to keep the phase difference

between the two echoes constant. Effectively, the
The dependence of steel microstructure on com- measurement of phase change introduced by propaga-

position and heat treatment is illustrated in Fig. 1. tion through the specimen is converted to that of
Figures 1(a) and I(b) compare the microscopic ap- frequency, which can be performed with great pre-
pearance of polished and etched steel specimens con- cision. All of the above operations, including the
taining 0.2 and 0.6 wt. pct. carbon respectively; mechanical scanning of the transducer, data collec-
after annealing at 900°C and slow cooling in air to tion, reduction, and display are controlled by a
room temperature both steels consist of ferrite, POP 11-34 minicomputer. The resulting system pre-
the white grains, and pearlite, the darker constit- cision is about I part in 106 of the measured longi-
uent. Ferrite is essentially pure iron, pearlite tudinal acoustic velocity. The accuracy ot thI
is a mixture of two different crystalline phases absolute velocity measurement is 2 parts in 1 0 , as
(too finely dispersed to be resolved at the magnifi- dictated by the accuracy in measuring the acoustic
cation shown), iron carbide (Fe3C) and ferrite, path length, the specimen thickness.
Since virtually all the carbon resides in the pearl-
ite, the proportion of pearlite is greater in the
higher carbon steel. Figure 1(c) shows a steel with
0.4 wt pct carbon with a martensic microstructure
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FIG. 2. Schematic of the precision acousticvelocity measuring system.

ABSOLUTE VELOCITY MEASUREMENTS

-b Specimens of 5 plain carbon steels were pre-
el pared by machining I cm thick flat plates orientedk I both longitudinally and transversely relative to

the steel bar stock. Since the acoustic wave prop-
agation direction was through the I cm plate thick-
ness, acoustic velocity could be measured both
parallel to and transverse to the rolling direction
for each steel composition to detect the influence
of any preferred orientation or crystal texturing.

, The compositions of the steels are shown in Table 1.
u A i _ L}00m * All .specimens were given identical heat treatment;

they were heated to 900°C and air cooled (normlal-(b)ized). This resulted in pearl ite/ferrite micro-

*, structures, the pearlite varying from 12 to 100
.volume pct over the range of carbon contents.441 After machining, the flat specimens were lapped to

assure that their flat surfaces were parallel to
within 2.5 0m.

f TABLE I

: Composition of Plain Carbon Steels used for
L • Acoustic Velocity Measurements

S Steel Type

_K_ I Mn Si S

1010 0.1I0 0.45 0.03 0.007 0.032

1020 0.20 0.52 0.21 0.009 0.02H
1035 0.33 0.72 0.17 0.018 0.02S
1060 0.55 0.80 0.19 0.012 0.023

10oLm 1095 0.93 0.50 0.22 0.009 0.030

The resulting velocity measurements exhibited

FIG. 1. Different steel microstructures resulting random scatter that totally obscured the variation
from difference in composition and heat in velocity anticipated from the variation in

treatment. 1(a): pearlite and ferrite in microstructure, Fig. 3. One can easily calculate

normalized 0.2 wt pct C steel; an expected acoustic velocity from the2 known den-

1(b): pearllte and ferrite in normalized sities of pure iron ferrite
I 

and Fe3C, and known
0.6 wt pct C steel; I(c): martenslte in elastic constant data for ferrite/Fe 3C mixtures.

3

water quenched 0.4 wt pct C steel. Increasing carbon should cause a decrease in thelongitudinal acoustic velocity linearly propor-

tional to carbon content; velocity should decrease
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0.85 pct per wt. pct carbon in the steel, all other used to map out the microstructural pattern. Jominy
factors being identical. The scatter observed in end-quench test bars provide another example of
the measured velocity was not caused by variations steel objects containing microstructurdl gradients.
in preferred orientation; had there been any signi- We successfully used relative velocity measurements
ficant degree of preferred orientation, the longi- to survey quantitatively the microstructure of end
tudinal and transverse velocities would differ much quench test bars of several different alloy steel
more than the slight variations, which can be at- compositions.
tributed to sample thickness variations, seen in
Fig. 3. We believe that the random variations in The Jominy Test or End-Quench Test is the
such elements as manganese, silicon, sulfur and standard metallurgical quality control procedure for
others always present in at least trace amounts, measuring the hardening response of heat treatable
cause variations in density and elastic modulus steels. The end-quench test specimen is a one-inch
and thus introduce random variations in acoustic diameter round bar, four inches long. The bar is
velocity equal to or greater than the systematic heated to about 850°C. It is then placed in a fix-
effect of carbon in changing the microstructure. ture and cooled by a jet of cold water impinged upon
For example, we have calculated that the range of one end as shown in Fig. 4. This results in uniaxial
manganese contents in our specimens (see Table I) heat flow toward the water-quenched end, and repro-
causes density variations large enough to obscure ducible cooling rates that decrease with increasing
all the above change attributable to variations in distance away from the rapidly-cooled quenched end.
microstructure. Therefore we conclude that abso- The fast cooling rate at the quenched end causes the
lute velocity measurements are not practical means formation of hard, strong martensite; the slower
for characterizing steel microstructure, because cooled end transforms to softer, weaker pearlite or
random compositional variations will confuse any a pearlite and ferrite mixture, depending on compo-
attempt to calibrate absolute acoustic velocity sition. At intermediate locations mixed martensite/
with microstructure. pearlite microstructures result from the intermedi-

ate cooling rates. The position of the transition
from martensite to pearlite is a measure of the
hardening response. The usual way of assessing the
microstructural gradient along the length of an end-

MEASURED ACOUSTIC VELOCITY quench bar is to survey the Rockwell C hardness
measured on flats ground along the side of the end

a = TRANSVERSE TO ROLLING quench test bar. This is possible because there is
a -PARALLEL TO ROLLING a pronounced hardness gradient caused by the micro-

structural gradient. Although surveying hardness is

a great deal easier and less time consuming than di-
rectly observing the microstructure under a micro-

Escope, the hardness surveys are tedious because up
U to 60 individual manual hardness measurements may be

5.9 required to survey a single test bar, a procedure
0 5.94 - taking about one hour.

DIAGRAM OF A JOMINY TEST IN ACTION

0
_J

5.930.00 0.20 0.40 0.60 0.80 1.00

CARBON (PERCENT)

FIG. 3. Measured acoustic velocity in plain carbon 0 0
steels of varying carbon content. The
random scatter caused by minor fluctuations
in alloying elements obscures the system-
atic variation in velocity related to the
microstructure.

RELATIVE VELOCITY MEASUREMENTS

By relative velocity measurements we mean mea-
surements of acoustic velocity at different loca-
tions within a given object. If the material compo-
sition is uniform within the object (as is usually
the case), variations in acoustic velocity can be
unequivocally related to microstructural variations FIG. 4. End-quench test.
from one location to another. There are many situa-
tions where microstructure is not uniform and the Figure 5 compares a conventional hardness survey
pattern of microstructural variation is important, with a longitudinal velocity scan of an end-quench
e.g., in an induction hardened steel shaft heat test bar of AISI type 4140, a common, low alloy,
treated to be martensitic on the outer surface but heat-treatable steel. The longitudinal acoustic wave
pearlitic in its interior. Velocity variation within velocity was measured by the method described above
a given object, i.e., relative velocity, could be
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and illustrated in Fig. 2. The acoustic path was
transverse to the axis of the test bar. Parallel
flats were ground on opposite sides the full length
of the test bar; the acoustic path was thus along 56
bar diameters through the thickness of the bar
between the ground flats. The relative acoustic
velocity is plotted as LV/Vo , the fractional U

change in velocity at any point relative to Vo
the velocity at the slower cooled, pearlitic end of La
the test bar. As seen in the plot the velocity
decreased by about 0.7 pct at the martensitic, X
quenched end. The accuracy of the relative acous- u

tic velocity measurement is limited by the uni-

formity of the thickness and the deviation from per- V)

fect parallelism of the ground flats. This is esti- w
mated to be I or 2 parts in 104 which is about 2%
of the actual range of velocities measured. Thus•4

the sensitivity and discrimination of the velocity z
measurement is equal to or better than that of the 361
hardness measurements. 0.00 -0.35 -0.70

Figure 6 is a cross plot showing the relative tv/v(%)

velocity change AV/Vo , versus the hardness. The
correlation is virtually linear except for the ex- FIG. 6. Relative acoustic velocity vs hardness
treme values. However, it is the intermediate Rockwell C correlated for the data shown
values that are most important, because these occur in Fig. 5.
at the region of transition from martensite to
pearlite, the location critical to the measurement ACOUSTIC ATTENUATION
of hardening response.

In principle, attenuation measurements are
The computer controlled automatic acoustic more attractive than velocity measurements as the

velocity scan requires only 4 minutes from start to basis for acoustic NDE microstructural characteriza-
finish with the data automatically plotted as tion. Where velocity is weakly a function of micro-
AVIV vs position in the bar. This contrasts structure, acoustic attenuation is strongly affected
favoably with the hour or so required for a manual by microstructure because of scattering at grain
hardness survey. To our knowledge, this is the boundaries, second p ase particles and other micro-
first time an end-quench test has been performed structural features. Moreover, the strong fre-
using a velocity scan rather than a hardness scan. quency dependence of the acoustic attenuation coef-

ficient can provide additional information related
In addition to the 4140 steel end-quench test to microstructure.

we have also performed similar acoustic velocity
scans on end-quench test bars of types 52100, 4615, This paper reports only our earliest, prelimi-
864:, and 1095 steels with similarly encouraging nary efforts to characterize microstructure by means
results. We find these results persuasive that of acoustic attenuation measurements.
acoustic velocity measurements can be used to map
out microstructural variations within steel objects. A computer interfaced system has been developed

for quickly and easily measuring the attenuation of
acoustic waves traveling through metal samples.
The same samples used for the velouity measurements
can be used for attenuation measurement. A commer-
cial ultrasonic transducer launches longitudinal

> -o.c6 35.00 waves through a water bath at normal incidence to
4140 STEEL u the sample and then receives theechoes. Normal

E0NDOUENCH TEST incidence is attained by swiveling the transducera' -060
- 6 - to maximize the amplitude of the front face echo.

S E A narrowband pulse (i.e., a tone burst with at
- least 10 rf cycles) must be used for this alignment

X M because the various components of a broadband pulse
ACousTIc . -HARDNESS 0 are not equally affected by non-nonmal incidence

-0.20 VELOCITY and therefore the maximum is difficult to determine.
0U Computer controlled digital stepping motors can also

0 be used to move the transducer for spatial scanning.
o> o J -35.00

0.00 1.00 2.00 3.00 4.00 The three-echo method is used to dtermine the
OISTANCE PROM QUENCHFO END OF SPECIMEN (INCHES) attenuation, as described by Papadakis. This

method uses the measured amplitudes of three echoes

FIG. 5. End-quench test results measured in type to solve the equations for these echoes for any of
4140 steel. The two curves compare the the three unknowns in the system. In our experiment,

4these unknowns are the pulse-echo frequency response
microstructure gradient as surveyed of the system, the reflection coefficient at the
acoustically e nd by conventional hardness sample-water interface, and the attenuation through
measurements, the sample. Broadband pulses are used to obtain
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information over the frequency range of an octave or
more. The front face echo and first two back face 1.5
echoes are digitized and then stored in a computer.
Since the dynamic range of these echoes can be
40 dB or more, many samples of each echo are aver-
aged to improve the signal-to-noise ratio, The
echoes are gated and separated in the computer, and UNCORRECTED
the moduli of their Fourier transforms are computed E
by an FFT program. Figure 7 shows three gated, U
averaged pulses with their frequency spectra super- N.
imposed for a typical sample. The spectral compo- co I.0 --
nents of the three echoes at each frequency are

compared in the three-echo method to calculate the z
attenuation through the sample, correcting for 2 0.5
transducer response and also for reflection and DIFFRACTION
diffraction losses. Figure 8 illustrates the im- CORRECTED
portance of including the diffraction correction
for the echoes shown in Fig. 7. The scales are Z
logarithmic, log dB/cm versus log f , so that the W
slopes of the linear plots give the powers of the
frequency dependence. These curves are plotted by 4
a computer and an analog plotter by simply connect-
ing 128 attenuation data points within the passband. 0.1
No curve fitting techniques have been used. One
measurement produces a large amount of attenuation
information about the sample.

10 15 20

FREQUENCY, MHz)

FIG. 8. Attenuation vs frequency for a steel
sample illustrating the importance of
corrections for diffraction.

0 Figure 9 shows the attenuation in two differ-
ent steel samples with identical composition but

1.5I

0.05 PEARLITE

0 E /

cm 1.0

"z -

0.021 0.5

0 z/
hi

t---

0 25 50 f

FREQUENCY, (MHz) 0.1 - MARTENSITE

FIG. 7. Three echoes of the same broadband pulse 10 15 20
(plotted in both the time and frequency FREQUENCY, (MHz)
domains) used tr obtain the attenuation
coefficient in .e specimen for the range FIG. 9. Attenuation vs frequency for two specimens
of frequencies in the pulse. of the same steel heat treated differently

to have ,lartensite in one but pearlite in
the other.
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different microstructure. The curve for pearlite
shows a frequency dependence very close to f4

indicating that Rayleigh scattering is the dominant
mechanism for attenuation. The curve for martensite
exhibits lower values of attenuation, with a fre-
quency dependence nearer to f2 , indicating a dif-
ferent mechanism for attenuation from that in mar-
tensite. These results are comparable to previous
results by Papadakis.

5

CONCLUSIONS

1. Absolute acoustic velocity measurements
are subject to random variations that limit their
utility for microstructural NDE.

2. Relative velocity change measurements can
be used to map microstructure with precision in a
given piece of steel.

3. Acoustic attenuation measurements are very
sensitive to microstructure, and they have good
potential for practical, microstructural NDE.
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SUMMARY DISCUSSION
(N. Grayeli)

John Schuldies (Airesearch)3 Was the jominy test bar sectioned up into disks,

essentially, and the velocity measurement made on the disk?

N. Grayelis No

John Schuldies: Was it a radial measurement, then?

N. Grayeli: Two parallel surfaces are made on the jominy bar, and acoustic wave is
sent into the sample, perpendicular to the bar axis, and we scan along the sample.

John Schuldies: So, it is a radial velocity measurement time of flight through dia-
meter of the bars?

N. Grayeli: I really don't understand what you mean.

Gordon Kino (Stanford University): It's a flat bar. You scan along the length of
the bar through its thickness.

N. Grayeli: Sure.

Unidentified Speaker: You are measuring across that bar.

Gordon Kino It's a standard kind of thing.

Don Yuhas (Sanoscan): Did I read that attenuation cur~e right on pearlite and marten-
site? The number I got was something like one db per centimeter at 20 megahertz.

N. Grayelis Maybe I can ask my colleague.

Gordon Kino: We have increased the frequency to 50 megahertz because of this and we
were quite surprised. As you look back at Fapadakis' work, indeed he saw these-
low attenuations.

Unidentified Speaker: The structure with 100 percent of pearlite is very good two-
phase material. Did you measure anything of the frequency-dependent velocity at
any higher frequency? 15 and 20 megahertz?

N. Grayeli, No, we didn't.

Unidentified Speaker: It's to be expected?

N. Grayeli: We don't know.

John Duke (Virginia Tech): You know, if you measure -- I was interested in -- the
gentleman didn't follow up on his question. In the juminy bar, in quenching it
in that particular fashion it's unlikely that you probably have uniformity of
hardness throughout the diameter perpendicular to the faces that you ground.
The measurement that you're making I think is probably characterizing the char-
acter of the material better than in fact the hardness test-is because it's a
bulk measurement. The hardness test, of course, is a surface measurement, arid
you, of course, would expect if you were to plate something with aluminum, and
the hardness of the aluminum would be independent, necessarily, of the material
which is deposited. So, I think, you know, you could make a lot more out of this
than comparing it to hardness measurements.

N. Grayeli: Yes, it is a good comment in general, but in the case of a (miny bar, the
structure is uniform throughout the diameter perpendicular to the fac,.s cri which
we ground.

J. White (Westinghouse): Did you look at grain size in terms of the relationshil cr
frequency dependence of attenuation"

N. Graypli, That's our next step.

J. White: It's quite a strong relationship.

N. Grayell: I think so.

(continued)
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N. Grayeli (continued discussion)

Albert Birks (Battelle Northwest): In that respect there's a rather definitive

Japanese study looking at grain size. And if you don't look at the substructure

within the grains, the correlation is not very good.

N. Grayeli: Yes, it is true, but the effect of substructure is not very much, and I

think to get a better correlation we have to consider that part which comes from

substructure inside the grain.

F. Hollers One question. How do you calculate the influence of manganese on the

velocity?

N. Grayelit We use the data from the Barrett and Massalski (structure of metals) to

calculate the velocity change by addition of Mn and 
other alloying elements.

The change in lattice constant, caused by Mn will 
change the density and the

density change, will change the velocity in the materials.

##
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FAET SIGNAL-AVERACING UNIT FCR ULTRPOfIC TESTING.
CHARACTERIZATION OF MATERIALS PROPERTIES AN' SIR-IVPREMENl FOR CCPRS[ CPIhll PTEPIL-

K. Coebbels. S. Kraus. P. 'eemann
Fraunhofer-Institut f r zerstbrtasf reie Prulvcrfa 'rcr

1-6600 Saarbrucler ]1, Cermany

PSIRACT

The scetterinc cf ultrasonic waves depends on the relation scatterer diameter tc vavclecrth. Coarsc
creincd materials and high frequency ultrasonic waves therefcrc ere cxcitirc hich scatterinc cnlitld(s.
turing pulse-rcho testing a backscattering signal is the result cl superimposing all the sinele scctter-
ins prccesses in the sound beam for a given tine of flight. Rectifying. diCiti ir at acdir UI S (vCr l
A-scans fromt several different probe positions, angles of incidenct or frecuenci(s equaliies interf(r(rc(
maxima arc minima. The resulting backscattering curve can be evaluated qualitatively and qi.antitativEly
for the materials structure characterization. Additionally, an improvement of the signal-to-noise ratio
(SNR) is achieved fcr a defect surrounded by a coarse grained structure. The application in practice
(epends amcng cther things on the time in which a sufficient number of digitized f,-scans is avcr~ged cre
on the dimensions and operating conditions of the equi pment. With these limits a prototype instrument
was developed. Up to 1024 digitized A-scans (each 400 is long, digitizing rate 2C MHz) are avEraged in
0.4 sec. The result is recorded on a CRT-display and the whole unit is microcomputer-controlled. The
ecuipment consists of an ultrasonic instrument (USIP ]1 and the averager unit (avcrzgcr.IrC,display,jP).
Examples are given of applications to the characterization of materials structure (detection of hetero-
geneities in steel, grain size determination) and to the ultrasonic testing of coarse grained materials
(austenitic welds, castings, fibre reinforced plastics).

INTRODUCTION longitudinal waves and an austenitic base mate-
rial with grain size ASTM 4). Therefore an ex-

The qualitative characterization of materials tremely high dynamic range is necessary to eva-
structure with ultrasonic waves is a well known luate quantitatively these scattering signals.
procedure. The attenuation coefficient ca, measured
for example by a backwall echo sequence (Fig. 1) The backscattering signal is at first a high
allows to describe the anelastic structure behav- frequency amplitude modulated signal. [tc-se and
iour. But some boundary conditions have to be re- amplitude for a given time of flight are result-
garded: ing from the superposition of the single scat ter-

ing signals excited at the grain boundaries in-
- The measured attenuation is only an integral side the sound beam and integrated over the

value over the sample thickness, pulse length /I/. To get a smooth curve a 1,1 rol-
- Planparallel surfaces of appropriate quality are riate to evaluate, one has to change e.g. the

the conditio sine qua non. probe position by a small amount (about one
- For quantitative measurements the coupling of the wavelength or one grain diameter) resulting in

probe (reflection coefficient) and the beam di- a new backscattering signal. Rectifying and
vergence have to be corrected. Otherwise for low adding several of such generated signals as
attenuating materials their influence can be many shown in Fig. 3 leads to the final backscatter-
times greater than the true attenuation by ab- ing curve (it seems to be possible to omit the
sorrtion and scattering, averaging procedure using a phase insensitive

transducer as receiver /2/).
On the other hand beckscattering measurements as

described below avoid these difficulties: From a different point of view this scattering

behaviour is of importance for the detect ion
the measured signal is a cntinuus one. There- of defects in coarse grained materials like
fore it is possible to differentiate the struc- austenitic castings and welds /3/. For a single
ture behaviour along the sound path. A-scan the amplitudes of scattering signals can

- Only one surface is needed to transmit and to he equal to or higher than the amplitudes of
receive the scattering signals. defect signals. ,d(Iitienall). tit( !ett(rYir

- The coupling of the probe is of qualitative in- sigrls er, (; (reni to th( reil(ctor signols.
fluence but does not influence quantitatively the lhm'r( for( . with sophist i(-i(d n( thols t(( ,tc-
backscattering curve parameters. At last beam irc t , fret.ency sl(ctrun it i r(t O!,5ibi( t(

spreading is not a problem of backscattering (ist intish bct.('en d( f(el an sttI'tt.ri (I(,-
measurements because the scattered signals are tion.
propagating hack the same way as propaqat ing for- Put thi sat c(tct d( f ('I scre('C abusi( (t
ward. stall v,riet icr of Ili Irobe iosit ior) ci , rui

drasiicelly It( !(tel(t nc siernl hit l(,%(s
The boundary conditions cf barkscatterinq m(isure- 'ncharcec(' - ,t Iast i, a

. 
first all xmrct l(. -

ments are others: ft( reflicior s lrclt. tc, ii (-duen.i (Avr] 1

tie s- sicra-ls rest.ls ir Citl(i r . ti ri eji tiu
- The signal emil itudes usually ly some ten dP sc.ttrrirc u'rals (,vi ir U tri .ti ny

below e.g. backwall veP-ca- (I ig. 2 for 10 MHz siinal or ricurir thi '( ct le isdat et- i.
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the smooth curve shown in Fig. 3 (averaging of
rectified signals). In each case the signal-to- tronsducer posaho xo
noise ratio (SNR) is improved. liue tascrpotonx
This spatial averaging procedure can be replaced
by or combined with the directional averaging r
(variation of the angle of incidence) and the fre-
quency averaging (variation of the frequency ex- -time
citing the probe in a burst manner). Am

The only condition for this signal-enhancement brql
r .. v .... -

is, that the grain size in the material under test
is not greater than the reflector to be dctected.
Otherwise the variation of e.g. the probe position A xo 2mm
would change the defect signal too, especially in c d1 0 -- *- m - 00-
its amplitude.

troitudc xo * 3mm

envelop e-e256 rectiied signals d)

bhakWol ehoes 

ni

U U -- Fig. 3 Spatial averaging procedure
sound path

GRAIN SIZE
Fig. 1 Attenuation measurement

The attenuation of ultrasonic waves (attenu-
ation coefficient aL) is the sum of absorption
(absorption coefficient CiA) and scattering (scat-
tering coefficient oS). Absorption is the result

Sof many physical interaction effects between
ultrasound and materials structure (e.g. with

t ,.dur dislocations, thermoelastic and magnetoelastic
N-ls@C- a) losses /4/). Scattering on the other hand depends

only on two parameters: elastic anisotropy (effi-
cient at grain boundaries and phase boundaries)
and the ratio d/X (d = scatterer diameter, A =

I wavelength). For multiphase materials (e.g. cast
iron with graphite segregations or pearlitic
structures) the concentration of the different
phases is an additional parameter. os is well

10 MHz -L known for polycrystall ine quasi-monophase mate-
°-l-fhtier16dB Irials in the Rayleigh region (d-C4 A), e.g. for

shear waves /4/:
b)

bxW0113 vS5
l, .,p ,e ,,oh (mm-1 -Tt A 2 d3f4 1 (3+2 (vL

SST d
3 f

4

ommiw .56dB where A c]] - c]2 - 2c44 = elastic anisotropy
(for cubic materials),

c} c1l, cl2, c44 = second order elastic con-s t a n t s ,!
oo = density, f = frequency,

vL' vT = velocity of longitudinal and shear
waves, respectively.

Rackscattering curves AS(x), where x is

Fig. 2 n-backwalI echo and HF-backscattering the sound path, are containing A dnd oLS , e.g.
signal for a honogeneous structure /I/.
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As(x) = Ao(a S Ax)
I1 2 exp(-(LA+ as) x) (2)

where Ao = amplitude at the surface, 500, 2f:. 8andl8MHz-T
Ax = pulse length. * 6andlO

dus' 2d:- 10
Figure 4 shows backscattering amplitudes from one m £ 6
sample of given grain size measured with two dif- multiple scattering:+ 10-11MHz-T
ferent frequencies and from two samples of differ-.* 6-8
ent grain sizes measured with the same frequency. 18
Under the assumption that the frequency dependence /
of cLA is known (e.g. oA = a-f, with a = const) two
measurements with two different frequencies allow I00, o .
to separate cLA and o5. and to evaluate aS for the . 0

grain size determination:
dLT a +S 3 f

4  
(3a) 5 

$

T 3 4

T 3 4 1 33(x =a f2 +STd (3)

d ([o2-a f2/fll/ISTf 2(f2
3-f13)l)13  (3c) 0 I 0

The attenuation coefficients ai (i = 1,2) are meas- D 5 dM[pmi
ured by evaluating the half-logarithmic plot of 10
equation (2):
In As(x) = In (Ao a -A1 x (4)

Figure 5 shows the comparison between the grain Fig. 5 Comparison between grain size determina-
size of steel samples determined by this two-fre- tion by backscattering measurements and
quencies method (and two further methods /5,6/) and by metallography.
the usual metallographic analysis. The agreement is
so good that at the moment an ultrasonic ez;uiprsent
is under development which makes this nondestruc- INHOMOGENEITIES
tive grain size determination automatically and in
field. One of the advantages of backscattering meas-

baoCkat" aNt- urements is the continuous signal between the sur-
AsW face backscatterinc amplitude 1/2
Z'"I aoi t (AS(O) = A (IAX) )

p f. lZ i according to Equ. (2) and t ie electronic noise
level. Variations in the attenuating behaviour
along the sound path and especially in the scat-

WM tering behavicur can be clearly identified. Equa-
tion (2) has the general form. valid for inhomc-

ILWOWPat cgeneous materials. too. (a = oa(x)). of /71:

1,0 SMW Pd 0 M1 112 xx/2

As(x) = Ao (o () Ax)I 2 exp(-2 5 a(z) dz) (5

0

This is shown schematically but with realisticA t1 .x) valiues for o, oLA and as in Fig. f: If the scatter-
ing coefficient charges betweer 75 mr an( 100 rn

p .depth by a factor of 4 compared with depths below
75 mm and above 100 mm then this will change the
backscatterin curve between ]5C cm and 2ge m
sound path. According to the kind of inhorogenci-

WTHsn1. ties (iields of microcracks. segregates. non-nc-
tallic inclusions), their volure contents and the
general behaviour of the stricture anomalies to-
tally different curves , S(x) will occur. Tw exam-

wr Ftles from the same specimen ar' shown in Fig. 7.
At the moment it is not possible to identify the

. - - 3 ,kind of heterogeneities (increased knowledge is
necessary about the scattering of two-phase, poly-
crystalline materials), but the region where they
are and a qualitative measure how strong the basic

Fig. 4 Fackscatterinq curves obtained with differ- structure is changed are simply to obtain.
ent frequencies and different grain sizes
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Pnctker kind cf inhomcceneity is the aniso-
troFic structure especielly of thin components. In
cifferent directions (e.g. parallel and perpendic- AWs,

ular to the rolling direction) different types of 6M"IOw,
A5(x) with different As(O) and attenuation coeffi- ,mlv 2C inB 0)

dients according to Equ. (3) will be measured: thkn 2V

each direction has its own value of A (cf. Equ.(l).
where A is given for z rardcn distribution of the
grain orientations). OWf

Thirdly. weldeeents can be regarded es struc-
tre hcterogeneities, too. and in Figs. 8 and 9 s,.

some examples are given of 450 shear wave back-
scetterirc feesurcments through welded thick ccni-
Fonerts: the bese imterial inhcwcceneity in one ,
case (Fig. 9) as well as the fusion line and single
defects in definite weld positions are clearly A4)

superimposed to the usual curve AS(x). Therefore,
it is one interesting point to identify fusion
lines along weldments hith high-frequency back-
scattering measurements where they are completely
transparent for usual frequency ranges at about
1 MHz. Inside the weld itself it is difficult to
characterize e.g. the grain size by backscatter- ,
ing signals, but depending on the direction of the
sound beam in relation to the weld direction the
overlay structure of the passes can easily be ana-
lysed (Fig. 8).

0,009 8~

Fig. 7 Examples of inhomogeneous materials
0.006 structures

01004

0,002 (YA Utomfefto f=CI+OS

0 100 200 2xlmi) 30

OSAsix)

with~

0

Fig. 6 Characterization of regions of hetero- V\4.J-.-
geneities by backscattering curves
- schematically.

-180rmM

Fig. F Backscattering curves through weld regions



nozzle 10MHz. long, fud nol .oveS
\ single flaw
a ,(amlifier -6 dB )

weld soundpth

Fig. 9 Backscattering curves through weld regions

SIGNAL-TO-NOISE RATIO .

In coarse grained materials the coherent noise
amplitudes ("grass") are many times higher than the
electrical noise and this makes it difficult to
detect signals. Restricting us to the analysis of
rectified signals, the averaging processes as de-

scribed in the introduction reduce the grass-level
to a curve corresponding to Equ. (2). On the other
hand reflector signals correspond to Fig. 10 Signal enhancement by spatial averaging

AR(x) = A0 exp (- ax) (6)

defect (hole) f 2,5 MH7

disregarding beam diffraction and distance laws of / ,4 x 1,5 A

the different types of reflectors (e.g. sphere,
disc). The optimal value for the SNR therefore is backwall

SNR = AR(x) / As(x) = (aS Ax)
- 1 2  

(7) A-Scan

Figure 10 exemplifies for backwall echoes the
efficiency of averaging processes. Above 8 A-scans
are plotted from 8 difft.-ent positions. The back-
wall echo is inaffected but the scattering ampli-
tudes change drastically fro A-scan to A-scan 0 1(0 io i O [mmi

(the variation of the probe position between each
A-scan is about 0.3 mm, corresponding to one grain
diameter). Below 2, 4, 64 and 1024 averaging pro-
cesses are shown and until 4 backwall echoes can be
resol ved.

The difficulty to detect defects with spatial
averaging is given by the echo dynamic curve of
the reflector. The variation of the probe position averaged 512x
sh(uld be limited to an echo decrease of less than
6 dB. But for a 3 mi flat bottom hole in about
100 mm depth this is + 10 mm, therefore enough
to get many different A-scans with different noise
signals. The Figs. 11 are 12 ccmlare A-scans and k LL
averaging results from different, types of defects. 0 10 20 30 40[mm]

fig. 11 Improvement of the SNR for a natural
defect in austenit ic casting
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f = 2,0 MHz

d tamination"-... . ..A, ---Sc:-n

0 5 m . , i m 0 5 l

averaged 1024x

0 . lO[mml 0 . 10[mm

Fig. 12 Improvement of the SNR for a delmination Fig. 13 Photograph of UT-equipment
in GFRP. and averaging unit
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SUMMARY DISCUSSION
(K. Goebbels)

P. Holler (Session Chairman): Any questions?

Bruce Thompson (Science Center): I have two questions: One, over what sort of area
do you typically move the transducer in performing the averaging? And, I'm
aware of some of the limitations in using attenuation measurements to try to
measure grain size. What are the corresponding limitations for the backscattering
technique, having to do with the presence of porosity or grain aspect ratio and
so forth?

K. Goebbels: The first question is easy to answer because you need only to change the
robe position by one grain diameter to get a change in your backscattering high-
frequency signal. Therefore, moving some millimeters, e.g. plus or minus five
millimeters, or in a ring of ten millimeters diameter, you make very good
backscattering measurements. It is not necessary to go over several centimeters
to make this measurement. This is the reason you can use it for signal-to-noise
improvement, too, because there's a small amount of change of probes position
which does not influence (first approximation) the amplitude of defect signal.
But there you can see is one limit of the averaging in this kind of technique:
if the grain size in very coarse-grained materials comes to the size of the defect
you want to see, you have to move farther. And the second question: In the
Rayleigh region, it seems from the grain alignment or the form of the grains
there is no limit on the grain size determination. Another point is grain sizes
smaller than ten microns: we cannot characterize them nondestructively, because
then the frequencies needed are too high. And on the opposite side of this,
more than 500 microns, or one millimeter, then you have too low a number of grairs
inside the sound beam, and the statistic value is not so good. And there are some
restrictions for steel. Porosity is not a problem. The problems are multi-phase
structures like free-machining steel with mus-inclusions.

Paul Gammel (Jet Propulsion Lab): I would like to know the effect of the size of the
transducer beam. I assume this is of influence on the averaging process.
Obviously, if you have a very large beam, you have already done a lot of aver-
aging by beam size, and I would just like to know what effect it has on the
statistics going from quarter-inch to half-inch transducers.

K. Goebbels: We could not find any effect of the size of the transducer, if you are
making backscattering measurements to measure the slope and decay because when
we have homogeneous material, inside the sound beam every time it's the same
mean grain size. If the material is inhomogeneous, then you can get some changes
in this. And for the improvement of the signal-to-noise ratio with the averagin,
process, that depends on the reflector diameter you want to see,what type of
probe you're using. But we don't have any characteristic differences from Irol,
to probe and from diameter to diameter for the backscattering signal.

Paul Gammel, Does this mean that if you went to. let's say, an inch and a half rarn-
ducer, two inch transducer -- it would seem intuitively you would hav(e done th,
averaging.

K. Goebbels: No. I can have done it if I am using a phase-insensitive transduci.
Then it must go. But the usual transducer -- and every time you have irterfeero ern
processes from the different grain centers into the sound beam for a given till
of flight, and this is resulting in this high-frequency signal. And if you at.
going from such a transducer to such a transducer, it is every time a hig[h
frequency signal.

Gordon Kino (Stanford University): I'm a little unclear on the kind of avera-ingq
process. We have tried the same thing on ceramics, and for the same reanons.
But it seems to me that if the diameter of the ean, say, ns ne centimeter End
you move the beam one millimeter, which is much larger than the grain siz( , lher,
is very little change because the same grain is ,xcitintg the same transducer,
and it's basically a parallel beam coming ( iit. .; , 4L-ri- !- no phas chan ,
and it's only the extra one millimeter you hav- rmivd i l icr ss that hrini-
new grains into the beam and it gives yo -oro, -v,, agin r.

K. Goebbels: It seems not to 1w the influenc, that lh,.r, ;,o, -. hr rrr-ins iinidf 1h(
beam. It seems to be that the sound f'ield i -If i:1 n , t ::,. ,,gn i. Thin
makes the changing of your structure, in1t I,.-r,. . , xorr,; 1., , i y , or, u t
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K. Goebbels (continued discussion)

for one position the transducer and only going around and no changing of the
transducer position and every time the same grains are in the beam, but this is
enough to make an averaging measurement.

P. Hollers It may be completely different for ceramics.

Gordon Kino: Yes, unfortunately. I wish it were the same in ceramics.

John Duke (Virginia Tech): Wouldn't in fact the range over which you move your center
in effect limit the size of the certain defects th. t you could see? In effect,
wouldn't moving it in a sense average out that?

K. Goebbels: Yes. One example: If I have a three-millimeter-flat-bottom hole in
one-hundred millimeter depths; and if I have a transducer of seven millimeter
diameter, I can go six millimeters forward and six millimeters backward or in a
ring and just change the amplitude not more than six db.

John Duke: It seems you could almost use this in a way to sort in a certain sense
the flaw size by, you know, variations in the actual amount of movement you do
with your transducer.

K. Goebbels: I did not understand.

John Duke: In other words, if you can effectively make a flaw seem like it disappears,
you can in a sense determine the size.

K. Goebbels: Yes.

P. Holler: One more question.

John Shyne (Stanford University): When you made your scattering coefficient measure-
ment to get the grain size, you separated out the grain size effect by taking it
as frequency to the fourth from the absorption by taking it as a frequency to the
one. What were the relative magnitudes of the two parts of the attenuation
coefficient?

K. Goebbels: Well, we have the measurement of more than 200 samples of steel, and
there are samples where with low frequencies the scattering makes only three to
five percent of the whole attenuation coefficient and other samples where it
makes 85 to 90 percent of the whole attenuation coefficient. It depends on the
D over lambda and the absorption.

John Shyne, If you're at frequencies, say, like ten megahertz --

K. Goebbels: It depends on the microstructure, and then for small grained material
the scattering is of lower influence on the attenuation than for coarse grained
material.
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G. J. Gruoer
Soutnwest Research Institute

San Antonio, Texas 7ozb4

ABSTRACT

Type and size are the most important defect characteristics that need to Le determined for reliable
prediction of tne remaining service lifetime of a defective structure or part. The analytical and sup-
porting experimental results presented in this paper concern a universal ultrasonic defect-identification-
and-subsequent-sizing method. The conceived satellite-puise technique (SPT) is based on the interpreta-
tion, in terms of defect types and dimensions, of the separation in time-of-arrival between the
specularly-reflected pulse and its tip-diffracted or tangentially-scattered "satellite" contained in
the composite defect signal. Several alternate calTbration procedures were also developed, any one of
which enables the ultrasonic examiner to make the time scale of the oscilloscope read directly in terms
of equivalent crack depth or void diameter as appropriate.

Introduction Ultrasonic Uefect-Sizing Methods

The current trend toward a defect-tolerant- Ultrasonic-sigrature-analysis methods cur-

design philosophy places increased importance on rently available or under development for esti-
accurate ultrasonic defect-sizing techniques, mating the size of crack-like or void-like defects
because it requires the technique to estimate the are listed in Table 2. It is convenient to group
size of a detected and identified defect with a trese techniques in three broad categories accord-
specified probability and degree of confidence. ing to the kind of analysis performed on the

The difficulties of present ultrasonic techniques received defect signal. Useful quantitative infor-
in meeting the needs of fracture mechanics mation about the characteristics of the defect
lifetime-prediction models can be attributed to with implications for structural performance and
several causes, all stemming principally from the safety may be obtained by arrival-time awalysis
poorly-established relationships between the peak or frequency-content analysis of the defect sig-
amplitude of the reflected pulse and defect char- nal distorted or -- "therwise modified in relation
acteristics. A crack oriented perpendicular to to a replica of the transmitted pulse. Analysis
the examination surface may produce a relatively of the peak amplitude of the principal component
weak reflected wave. A large compressive stress of the composite defect signal is most useful
may close the crack and thereby diminish the for defect detection (Task I in Table i).
reflected pulse amplitude. Other sizing dif-
ficulties are encountered when the defect is
located in the "dead zone" of the ultrasonic
probe. Analysis Technique

The four materials evaluation tasks for the Peak AMPLITUDE Artificial Defect Echo
determination of structural integrity are listed Comparison
in Table 1. The important ultrasonic issue that Backwall Echo Comparison
we are now faced with is what type and rit Decibel Drop
of defect are present. The next frontier for

FREQUENCY Content Deconvolution
Task Objectivwe Frequency Response

Arrival TIME Impulse Response
I. Defect Detection wl. re?" Delay rime

I. Defect Identification "what type" Satellite Pulse (SPT)
void or crack like,)

Ill. Defect Characterization "how b197" ("what size?') Table 2. Ultrasonic defect-sizing methods.'what shape,

"what oyientattonW
'  Signal distortion may register In the time

IV. Lifetime Predi(tion 'how severe is the domain as "satellite-pulse" formation and in the
problem'' frequency domain as amplitude tiidulation' (see

"proqnoscs' Figure J). Selection of a particular iietnua of
defect sizing and its accuracy are dependent on
exploiting established relationships between

Table 1. Materials evaluation tasks and their defect type, shape, orientation, size, composition,
objectives, tightness, and surface roughness and certain

extractable ultrasonic signal parameters. The size
ultrasonics is thus to provide quantitative infor- of defects which are large compared to the wave-
mation needed to distinguish between those small, length of the employed ultrasound can be determined
nonpropagating, void-like defects that are "benign" with adequate accuracy by conventional peak-
with respect to failure and those significant, amplitude-comparison techniques. However, small
propagating, crack-like defects that are "malig- defects in areas of high mechanical or thermal
nant" or critical with respect to failure, stress may affect the service strength of the
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structure or part sufficiently to warrant its Freedman
4
'
5 

assumed the backscattered signal
rejection, and measurement of the peak amplitude for simple bodies of arbitary convex shape to ue
of the principal component of the defect signal composed of several discrete pulses, eacn identical
("echo height") for sizing small defects is to the transmitted pulse ("composite echo theory").
unreliable. Differences in the capabilities and The first pulse is produced by the specular
limitations of the ultrasonic defect-sizing tecn- reflection of the incident wave at the point on
niques listed in Table Z, with the exception of the surface of the scattering defect nearest to
the last method, are reviewed elsewhere.2  Tne the source of ultrasound. This follows from Fer-
ultrasonic satellite-pulse technique (SPT)* for mat's principle of least action and geometrical
defect indication and subsequent sizing is the acoustics considerations. Additional echoes are
Subject of this paper, formed wherever there is a discontinuity in solid

angle subtended at the pulse-echo probe by parts of
Defect IDENTIFICATION by the Ultrasonic the inclusion within range r or in its kth deriva-

Satellite-Pulse Technique tive with respect to range, dkJ(r)/drk. Separate
scattered pulses are received only from certain

The extension of delay-time analysis for siz- discrete ranges of a volumetric defect. The mag-
ing crack-like defects to identifying and sizing nitude of each scattered pulse is proportional to
defects of all types has led us to the satellite- the magnitude of its generating discontinuity in
pulse technique. An infinite variety of shaped the defect's shape function, J(r), or its ktn
defects is possible; but it seems reasonable ini- derivative, and it decreases with increasing fre-
titally to consider only two types: planar, crack- quency and defect diameter. Usually only the
like defects, and volumetric, void-like defects.* first one or two orders of derivative (k = u or 1)
From these, most other defect shapes of interest in which discontinuities occur need to be consid-
could be constructed. ered. The pulses are separated in time-of-arrival

by the difference in times taken to travel to and
The pnysical principles and feasibility demon- return from the defect's "extremities" marked by

stration of the SPT for identifying void-like and the discontinuities in the kth derivative of its
crack-like defects are presented, respectively, in shape function. There are inherent difficulties
the following two sections. in defining the discontinuities which contribute

significantly to the composite echo structure of
Identification of Void-Like Defects scatterers of arbitrary shape.

Whenever an ultrasonic wave reaches a distinct Rudgers7 developed a model for oescribing the
boundary, mode conversion, refraction, reflection, scattering process by volumetric defects of simple
scattering, or diffraction occurs. The Rayleigh- shape based on the creeping-wave formalism. Rud-
type surface waves generated by an incident ultra- ger's geometrical theory of scattering provides a
sonic beaw upon encountering a spherical or cylin- simple-ex-panation of the type-and-size-information-
drical void in a metal may be described in terms carrying pulse, S. in the ultrasonic signature of
of the simple concepts of acoustic ray theory. a hole drilled into the side of a test specimen
Geometrical theories of scattering from relatively (see Fig. 1). In the defect-characterization
smooth, generally convex targets imbedded in homog- position, the incident ultrasonic beam is aimed
eneous, isotropic, linear elastic nmdia provide at the center of the void of diameter do so as to
good results at relatively low frequencies. 3' 13  maximize the amplitude of the first pair of creep-
The models developed to describe the scattering ing waves which arrive at the pulse-echo shear
of ultrasonic plane waves by volumetric defects do wave transducer simultaneously after having tra-
not account for materials attenuation effects veled ("crept") once around the back surface of
which make the received specularly-reflected and the void in opposite directions. For clarity,
tangentially-scattered pulse components of only the counterclockwise creeping wave is shown
the defect signal inexact replicas of the trans- by the wiggly line from Q, to Q2 in Fig. 1(a).
mitted pulse. Nor do these models predict the When the ultrasound encounters the front surface
speed and attenuation of the signal components as of the void at point P, a specularly-reflected
they propagate along the various ray paths. An wave ("R-wave") is sent back to the transducer
oversimplified model of scattering by a void in (front reflection). A pair of Rayleigh-type sur-
metal assumes that the speed of the "creeping wave" face waves is also produced by the incident wave
along the void's periphery is identical to that of at points Q, and Q2. These Rayleigh waves cir-
the incident longitudinal bulk wave, cp, rather cumvent the void a number of times until they dis-
than that of a Rayleigh surface wave. 8 10 '12  appear into the noise since their energy is con-
These authors derived a linear expression for the tinously depleted by tangential radiation. tach
separation in time-of-arrival of the specularly- time the counterclockwise creeping wave reaches
reflected and first pair of scattered pulses, &0 . point Q2, tangential reradiation, in the form of a
in terms of the void's diameter, do , as shownbelow: tangentially-scattered wave ("S-wave") from

the void during its circumvention, is launched at

the desired detection angle to be received by the

A0 - 2.5 - (1) pulse-echo transducer (back scattering). The delay
CP "time between the R pulse and its first scattered

satellite, ho , is a linear function of the void
______________diameter, do, as expressed by tne relationship

*The SPT research and development program was 
spon-

sored by Southwest Research Institute. The concepts ,- ( 4 e
are covered in appropriate patent applications. ' 2v c

**Such broad defect classifications make a good deal where c is the shear wave velocity and v Is the

of intuitive sense, and are supported by research Rayleigh wave velocity of the test specimen. Tnls
findings, equation differs from Lquation (l in one respect;
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Void-like defects may. therefore, be distin-
PULSE-ECHO guished from other reflector types (corners, notches,

LUCITE WAVE TRANSDUCER cracks, etc.) by their lagging satellite pulses.WEDGE

Identification of Crack-Like Defects

For an axially-sited sphrca cap target.
1- Freedman's composite echo theory" predcts two

0, TEST SPECIMEN pulse components; the first is a reflected pulse
that is the same as for a sphere, and the second

h pulse is formed by diffraction of the incident wave
at the cap rim.4  The discontinuities in the first

do derivative of the spherical cap's shape function
e 4 as a function of range, J(r), are located at its

nearest and farthest points relative to the source
of ultrasound. Similarly, for an axially-sited

a. Splitting of the incident wave (hollow arrow) right circular cone, there is a discontinuity in
into a specularly-reflected component, R, and the second derivative of J(r) at the cone apex or
a circumferentially-scattered component, S, by tip and another one in the first derivative of J(r)
a void of diameter, do . at the cone base. At aspect angles other than

axial or normal, there are three pulse components;
one is associated with the apex and the other two
originate from the nearest and farthest points on
the base rim directly receiving ultrasonic energy.
The sequence in which these tip- and edge-diffracted
pulses arrive at the probe is a function of the
aspect angle.

R S With the direction of the ultrasonic beam
other than parallel to a disc's axis, an infinite
nunuer of discontinuities occur in the secondderivative of J(r) at the near and far ranges of
the disc. Edge-diffracted pulses are thus expected
to arise at these defect "limiting ranges." The

b. Reflected and scattered pulses separated by diffracting "extremities" of the internal crack
delay time Ao on the oscilloscope screen, shown in Fig. 2 are at points Qa and Qb F-single

Fig. 1. The interaction of an ultrasonic CRACK NORMAL RELECTE WAVEI

shear wave with a void-like defect
resulting in a reflected pulse and
a ag in scattered satellite pulse. ~~OIFFRACTKD WAVE 0

the creeping wave travels along the defect's perip- eCIDENT
hery witn the Rayleign velocity (rather than the
bulk velocity). CRACKOFSIZIII

The ratio of the Rayleigh and shear wave
velocities, termed as the surface velocity ratio, / AD
m, is given oy the Bergmann approximation, DIFFRACTED WAVE Da

v 0.87 + 1.12o (3)
C + o

where a is the Poisson ratio. In terms of the Fig. 2. The interaction of an ultrasonic shear
ratio of the longitudinal and shear wave veloci- wave with an internal crack resulting
ties, termed as the bulk velocity ratio, n, in a specularly-reflected wave and twoPoisson's ratio is given by tip-diffracted waves (adapted from

Reference Ib).

1 - Zn"

- - (4) incident pulse splits into three parts; a
specularly-reflected wave, R, which will nct be
received by the pulse-echo transducer, and two

For carbon steel IO2, Equation (2) becomes cylindrically-spreading, edge-diffracted waves,
Va and Db. These waves are produced respectively
at points P, Qa and Qb on the defect's surface.

?.?ldb The separation in time-of-arrival of the edge-ct'o" ?'1db"(5) diffracted pulses is given by the delay time

The constant of this equation differs from that of 2d, ()
Equation (1) (i.e., k.o7), and its validity was Si;- .

borne out by experimental results.
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where ul is the distance between the defecL's P -

extremities (i e., crack depth) and is tne
angle the incident beats iihakes with the line perpen-
dicular to tne crack. The defect signal May be
represented by tne sum of two identical pulses: Thus, defect size and orientation inforation n

the tie domain (i.e., %,) carries over to the fre-
quency donain (i.e., pj) In a reLiprOcal manner,

W = .+ U The feasibility of using wavefurm-distortion or
t spectrum-modulation inforniation for estimating tne

size and orientation of crack-like defects is illls-
trated in Fig. 3 The ultrasonic respunses of nar-
row slits of vdriuus depth Id, = lId mils and

where u(.) denotes the form of the transmitted 20U mils) and orientation (u 6' and 3z
°
) were

pulse. This composite waveform Fourier transforms determined to aid in the interpretation of tihe cim-
into posite signal received from a turbine rotor fdti ue

crack. For purposes of comparison, the unmodu ated
rel-rence spectra are also shown in envelope form

( ' " ,o) in Fig. 3 along with the modulated signal spectra.

The temporal representdtions on the left side

The defect energy density spectrum is thus the same of Fig 3 indicate two distinct echoes that Urlgl-
as that obtained for a specularly-reflected pulse, nate from the secondary sour.e points located at
IU(f) 

, 
modulated by the low-frequency cosine term the bases and tips of the surface-breakilQ slits.

involving the separation in time-of-arrival of the The Lp-diffracted pulses, V, arrive ahead of the
edge-diffracted pulses. The periodicity of the larger base-reflected pulses, k. The spectral rep-
modulated spectrun is given by resentations on the right side of fg. . contain

COMPOSITE WAVEFORMS MODULATED SPECTRA

D R

V1 d 100MILS

' P1

TIME FREQUENCY 6

D A R __

Ejhj d1 200 MILS
&32"

F 3 Illustrating the iiverse reldti1nshlp

between delay time, .',I, and sect'
periOdIcLitY, p, obtained fur slits
simulating surface-breakin3 fatigue
(.raCi k.



equivalent information.* Although the spectral to the generally observed reflected wave, R, a
approach has considerable potential for revealing diffracted wave, U, is produced when the beam
details about important defect characteristics, the encounters the tip of the crack at point Q. In
expertise and sophistication needed to acquire, pro- the defect-characterization position, tne incident
cess, and interpret the pertinent data limit its use ultrasonic beam is aimed at point Q so as to maxi-
to specialized applications. The field applications mize the amplitude of the tip-diffracted wave.
of frequency-content analysis for defect sizing tnus Upon the incident beam's encountering the base of
have experimental difficulties, Arrival-time anal- the crack at point P, a corner-reflected wave is
ysis yields advantages over spectral analysis not sent back to the transducer whicn arrives after
only in data acquisition but also in data processing the diffracted pulse [see Fig. 4(b)J. The delay
and interpretation, time between the R-pulse and its diffracted sat-

ellite, 61, is a linear function -oftnecrck
There are other mathematical models which nave depth, di, as expressed by the relationship

been developed to account for tne ultrasonic oif-
fraction process by planar defects. At high fre- 2d,
quencies, Keller's geometrical theory of diffraction = os v (1u)
provides a simple explanation of the type-and-size-
information-carrying extra pulse, U, in the ultra-
sonic signature of a surface-breaking crack1

7
,1

8  
where is the angle the incident beam makes witn

[see Fig. 4(b)]. The geometrical theory of dif- the line perpendicular to the upper surface of the
fraction assumes that when the obliquely-incident test specimen. For a refraction angle of
ultrasonic beam encounters a surface-breaking 45 degrees, we obtain
crack such as that shown in Fig. 4(a), in addition

cA l  = ].41d1 . ( li
LCITE PULSE-ECHO

WEDGESHEAR WAVE TRANSDUCER
Crack-like defects, may, therefore. be distin-

guished from other reflector types (corners, inclu-
sions, voids, etc.) by their leading satellite

TEST Spulses.

Defect IZNb tne Utrasonic
Satellite-Pulse Technique

The first two reflections from the test speci-
men's end, or from tne end of a plain piece of
similar material, may be used to eliminate tne
influence of the generally unknown shear wave veloc-
ity on the derived linear relationship between d,

a. Splitting of the incident wave (hollow arrow) and A, in Equation (11) and on that between do and
into a corner-reflected component, R, and a A0 in Equation (5), Figure illustrates the sinple
tip-diffracted component, U, by a crack of calibration procedure that may be performed right
depth dj. on the specimen (i.e., without having notches and/or

side-drilled holes available in a separate calibra-

tion block). The calibration delay time between
the first two corner-reflected pulses from the
end of a plate or pipe specimen of thickness h is

given by

0 R 1. 4lh (Il)

Sizing of Crack-Like Uefects

Division of Equation (1i) by Equatinn (11) for

b. Reflected and diffracted pulses separated by Al * di yields the calibration equation for sizing
delay time L, on the oscilloscope screen. crack- Ike defects:

Fig. 4. The interaction of an ultrasonic shear 
1  

lor Ii) 4 .

wave with a c.xk-like defect resulting
in a reflected pulse and a leading
diffracted satellite pulse. This means that if we adjust the time scale of tfle

oscilloscope to read h units between the first two
reflections obtained with a 4D-degree beam from the
test specimen's end, or from the end of a plain
piece of similar material, the depth uf the crack-

*The spectral representations of the defect's like defect can be read directly in uils or milli-
response actually provide less information since meters on the oscilloscope screen, provided that
no phase information is present at the output of tne examination is carried out with a 't-degree
the spectrum analyzer.

16  
shear wave.
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300
LUiJTE PULSE-ECNO
WEDGE iiSHE.ARI WAVE TRANSOMCI

*250

TEST SPECIMEN - 200 -EPCE1 EXPECTED
45 t NUIONSUIPh VA

a150

a. Splitting of a 45-degree incident wave 00
(hollow arrow) into a bottom-reflected wave, a
Rb, and a top-reflected wave, Rt, by the end
of a steel specimen. a

0 a I I

50 100 150 200 250K K ACTAL SUT DEPTH IN MILS
Rb Rt Fig. 6. Illustrating the one-to-one correspond-

ence between the ultrasonically estimated
and visually determined slit depths.

Ah

The SPT has now been used to size a number of
laboratory and inservice-produced fatigue and inter-

b. Bottom and top-reflected pulses separated by granular stress corrosion cracks in steel specimens.
oscilloscope screen. The results of SPT measurements for a fatigue crack

in a turbine rotor specimen are shown in Figs. 7

and B. Both methods of "attack" and operating fre-
Fig. 5. The interaction of a 45-degree ultra- quencies yielded depth estirnfates for the fatigue

sonic shear wave with the test speci- crack at its deepest mid-lengtn point of 11b mils.
men's end resulting in two reflected
waves. Sizing of Void-Like Uefects

Division of Equation (12) by Equation (b) for
For a refraction angle of b degrees, the cal- ao = do yields the calibration equation for sizing

ibration equation becomes: void-like defects:
[h Obh for ony h. (Is)

h= 1.4h for ~, = 600 . (14)foan
This means that if we adjust the time scale of the
oscilloscope to read O.b2h units between tne first

This means that if we adjust the time scale of the two reflections obtained with a 45-degree beam
oscilloscope to read 1.41h units between the first from the test specimen's end, or from the end of a
two reflections obtained with a 4b-degree beam from plain piece of similar material, the diameter of the
the test specimen's end, or from the end of a plain void-like defect can be read directly in mils or
piece of similar material, the depth of the crack- millimeters on the oscilloscope screen, regardless
like defect can be read directly in mils or milli- of the refraction angle of the ultrasonic oeam.
meters on the oscilloscope screen, provided that the
examination is carried out with a bO-degree shear Figure 9 reveals that the experimental results
wave. are in keeping with the main predictions of the

satellite-pulse model derived for void-like defects
Notches and steps were used in proof-of- in metals. The data were obtained over a range of

principle measurements since their depth could be frequencies (2 to 4 MHz) and defect locations (U.Ub
determined visually without breaking open the to 1.3 inches) in four different steel plates with
test specimens. The results shown in Fig. b are otherwise unspecified properties. The time scale
of particular interest since they provioed an early of the oscilloscope was recalibrated each time the
confirmation of the potential of the direct-sizing hole was in a different plate. The agreement
SPT. The experiments were carried out using 4b- between the ultrasonically and visually determined
and 60-degree snear-wave probes and a range of fre- hole diameters is seen to be excellent.
quencies (2 to 4 MHz) and defect locations (U.Ub to
2 inches) In six different steel specimens with Conclusions
otherwise unspecified properties. The ultrasonic
estimates of slit depth compare very favorably The results obtained so far are very encour-
with the visual measurements of slit depth. aging. In view of the improved defect discrimina-
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a. Probe position for sizing crack-like defects b. Tip-diffracted pulses preceding corner-
breaking the accessible surface, reflected pulses in the composite ultra-

sonic signature of narrow slits (upper
and middle traces) and the fatigue crack

Fig. 7. SPT-sizing of a laboratory-produced (lower trace).
fatigue crack in a turbine rotor speci-
men breaking the accessible surface. Scale: - 50 mils

of unknown depth.

a. Probe position for sizing a fatigue Scale: -- 50 mils
crack breaking the inaccessible surface.

Fig. 8. SPT-sizing of a laboratory-produced
fatigue crack in a turbine rotor
specimen breaking the inaccessible
surface.

tion and sizing capability offered by the SPT, it features and other advantages of the developed
wod be preferable to replace the sole use of the technique include:
peak amplitude of the reflected pulse component in
the characterization of an already detected defect - its general applicability;
by less ambiguous signal parameters. The most
suitable signal parameter for this purpose appears - independence of signal pdrameter (i.e., A)
to be the separation in times-of-arrival between from the peak amplitudes of the associated
the resolved pulse Lomponents of the defect signal echoes;
(i.e., A). The usually smaller extra pulses (i.e.,
the satellites) have been shown to originate from - independence of signal parameter from defect
the sharp diffracting edge boundaries of a crack- location;
like defect and from the smooth scattering shadow
boundaries of a void-like defect. - independence of signal parameter from operat-

ing frequency;

The ultrasonic SPI for defect identification
and sizing is especially attractive in terms of - linear relationship of signal parameter to
reliability and simplicity of operation. Unique defect size;
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SUMMARY DISCUSSION
(G. J. Gruber)

J. K. White (Westinghouse Research): It seems to me there is an effect, a modulation
effect, both of depth and of angle and of flaw size. Presumably you separate out
the depth effect by gating only a certain portion of the signal. How do you
separate out the angle? By making sure you're perpendicular to the reflection?

George Gruber, I have to make more measurements. We never did get to the crack sizing
situation. The relationship between delay time, delta 1, D-1, which is the depth
and sound speed, and it's also the orientation angle that's involved. So, what I
have is three unknowns, four unknowns. Delta I can measure okay; C I eliminated
by the calibration technique. Same sort of things that went for the iulse. I
have to make two measurements, at least, because I got two unknowns, tie size and
the orientation. What I'll do is know my theta that I'm sending in, make two
measurements, and I have eliminated two unknowns. So I can make one more measure-
ment. If I don't know the orientation, if it's cracked, if it's a hole like, if
it's axially symmetric, then I just make one measurement ....... Then I can only
expect to get from the tip. But if it's curving on me, it's not perfectly in a
plane, then of course I can only give you equivalent depths, which sometimes is
important.

N. K. Batra (Systems Research Lab)a In addition to the size, your beam must cover
both the tips; is that right?

George Gruber, Yes. A round focus transducer. And it looks relatively big compared
to the thicknesses of the place that I'm looking for. Actually, it works down to
one tenth of an inch below the surface. It picks up and gives you the same
information, independent frequency, the location, a lot of niceties that this has.
I must admit one of the disadvantages--and it ties in nicely with the previous
speaker's topic--is to lift it out from the microstructure nodes, that could be the
problem. As you will see, those signals from the crack tip are not big.

N. K. Batrat I have a question then. If the crack is very large, say larger than your
beam spread, then what do you do? You can't scan because you want to see both --

George Jrubert You use a transducer this big (indicating). I would think there are
other methods of doing it better ways. This is aimed at sizing very small defects,
and I'm going down and down right now, and the resolution is about half a milli-
liter in about 20 mills, and I'm going up in frequency trying to eliminate the
noise. All kinds of improvements are needed here, but this is right now in a very
unoptimized state, but still now I have it down to a half a millimeter.

Faul Holler(Inst. fur Zerst. Fruf.), That's better than your other method.

George Grubers The amplitude method works good, but the oscillation disappears.

Paul Hollers I would like to commend that the goal of this paper is to classify whether
it is a crack or not. In the philosophy or strategy in our country, it is very
important because we have--also in this country--the experience that only a few
percent of the indications we have are worthwhile to be handled later. So, I just
want to give this leadline -- or this remark because in the explanation of
strategies, also in your paper, I was missing this point. In our country it's one
of the very basic things, to find out whether a defect makes a stress concentration
or not. And this is one of the goals -- one of the ways to solve it. But there
are several others, and one not mentioned work is published on this using the
derivative, but I do not want to start a new discussion.
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ABSTRACT

From some low irequency scattering investigations in radar, it is suggested that interrogating the
target with "ramp" function has distinct advantages. This "ramp" function is a ramp in amplitude, not
frequency. The returning echo is predicted to exhibit directly in the time domain, information of the
cross-sectional area of a target as the ramp passes the target. From this information, one can infer size,

volume, and orientation of the target.

The theory for this interpretation is based on the physical optics approximation. This approximation
is commonly used in acoustic and elastic wave scattering when the boundary conditions are approximate.
The concepts can be "verified" by exact scattering theories for back-scatter from hard spheres (acoustic)
and spherical voids (elastic). Our calculation for these two cases do show that their retur.ling could
show cross-sectional information.

A proposed system to launch and receive ramp pulses will be discussed. The generation mechanism uses
the demodulation properties of absorbtive, nonlinear media on a large amplitude pulse train. The detection
mechanism utilizes fiber optics.

INTRODUCTION where c is the velocity (,f the radiation in

the host medium. This c,'ucept is illustratt-c
Current field operating NDE ultrasonic de- in Fig. 1, where the incoming ramp function is

vices are based on interpretation of signals in hIown separated from thu backscattered lor dis-
the time domain. Presence, location and sizing lav convenience. The difference (if the hti'ht-
of flaw is usually found from an oscilloscope and length, ot the upiper and middle return.
display of a processed signal of a returning echo. ,huw how orientation can be interred. the irva,
However, many research investigators in NDE are under the backscattered curves yields the volume i
now advocating frequency domain for size determin- the scatters while the height indicates the great-
ation partially because the amplitude of the est cross-sectional area and the length in time
returning echo depends on many factors other than corresponds to the length of the target.
flaw size. With the knowledge that amplitude
techniques now exist and the belief that they can

be made better, I am proposing an alternative

time domain technique from which size, shape, and
some orientation can be implied, in principle,

from an oscilloscope display. Moreover, this
pattern can be converted by computer to yield a
first approximation image of the flaw from one
view of the flaw. RADIATED RAMP

SIGNAL
The chief feature of this technique is that

the ultrasonic pulse launched toward the flaw

!q preprocessed to have a "ramp" waveshape. Thut,

is a ramp in amplitude, versus time, not fre-
quency, and the ramp designation is defined to
mean an abrupt change of the first time deriva-
tive of the shape of the pulse. BACKSCATTER

The conceptional theory for this technique

was developed by Kennagh and Moffett [11 for

electromagnetic scattering, i.e. radar. Their

theory based on physical optics suggest that the
backscattered echo s(t) of a ramp pulse provides

a mapping of the cross-sectional area A(z) of the
target as a function of distance z through the

target, i.e.
TARGETS

s(t) i A(z) (VOIDS)

with t 
=  

z/2c

Fi5urI ( Meli 1 rump p01 stattcring.
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It must be emphasized that Fig. I is only
conceptional and somewhat an exaggeration in as
much as the theory allows only the region illu-
minated by the radiation to be mapped and not
the shadowed region. Also this theory is based
on the assumptions of physical optics which are 02
almost entirely invalid for the frequency range of
operation. L. 3Z 

4 C ONt

PHYSICAL OPTICS CONCEPTS

The physical optics approximation is a .. ,
common theory used in radar, acoustic, and elastic
scattering. Among its many assumptions are the
target in convex and smooth, larger than a wave-
length, and has large radii of curvature.
However, the ramp function concept has been (b) TARGET 2
shown experimentally for radar by Young [2] but
it utilizes the frequency dependence of scattering
outside the domain associated with the physical
optics approximation. Namely, it works in the
Rayleigh and lower resonance regions as shown
in Fig. 2. In this figure, the general form of
frequency dependence of the backscattered signal
from a class of simple targets is shown. It
applies in principle, to electromagnetic scatter-
irg from voids. The following regions are
designated for discussion. The high frequency
region is generally known as geometrical optics;
whereas the low signal is quadratically dependent
on frequency (or ka) is known as the Rayleigh
region. The resonance region becomes by arbitrary Figure 3. Results of Young for electromagnetic
definition the physical optics region which in waves. The image of the cone is
turns becomes the geometrical optics region with- constructed from measured profile
out precise definition. It is generally believd function of 00 and 300 incident
that imaging of objects requires information angles. Size 7f cone in inches.
from the higher physical and geometrical optics
frequencies. ACOUSTIC AND ELASTIC RESULTS

To test the applicability of the ramp concept
to acoustic and elastic scattering, ramp responses

RYLtIGH IREoNAct OPTIS have been computed using the exact scattering theory
a-,d d "> for hard spheres in acoustic scattering and spheri-

pHYsIcA cal voids in elastic scattering. Figures 4 and 5
GEOMETRICAL show typical results. respectively for acoustic

and elastic scattering. These figures have been
normalized by range and area of the scatterer. The

Ifact that the curves are approximately the same
height is an indication that the backscattered echo
is proportional to area of scattering sphere.

FREOUENCY Similarly, the increasing width of the theoretical
return with increasing size of the scatterer agrees
with the concept.

Figure 2. Typical frequency dependence of These figures were generated with ramp waves

backscatter illustrating regions synthesized from harmonic functions; thus, the Ka

of nomenclature. label on each of the curves corresponds to the Ka
for the lowest frequency in the synthesized ramp

ELECTROMAGNETIC RESULTS function.

In Young's experimental studies with electro-
magnetic waves, a true ramp function is not
generated but a synthesized ramp backscatter is
i ,rmed from individual harmonics, as low as ten
in number. Success in construction is illustrated
in Fig. 3 which shows a computer generated image
,,mposed of information nose-on and 300 from

-11 vit'wing angles. it is to he noted that
I-irp edges f the cone violates assumptions

phvnical optics approximation. The wave-
. '',i wh lnidamental frequency of the

I.,. ! rj, i% approximately three times
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GENERATION AND DETECTION OF RAMP' RESPONSE

The above results seem encouraging enough to

RAMP RESPONSE -ACOUSTIC WAVES explore methods of generating ramp functions. One

.HARD SPHERE technique is generate unipolar function as suggest-
ed by Selfridge, et al. At this meeting. However,
I would like to suggest novel system to launch and
receive ramp cc other pulses.

k 0=. 8 Ilie generationl met'lianism is based on aI ionlIiuo-ir
plenosmenla of acoust i wa1ve l'ri);ogaIiti knoiwni as
-eJ f-de-modulit ioni. Exprimeint s by M.ll. Mofftl t

3] in which a,, intense, modulated puls Siwas
propagated through C(AI, (as shown in Fig. 6) ii Isi-

k a=.6 trati-s the prinlciple. Fhe receiving transdu~cer
detects a changing waivei irm ais the pos S wavetorrn

uindergoes diistorrt ion and abhsorpt ion ais si-n in Fi)p.
The end resul ts is a puls ciota ining l ower Itihusns

k a -4 and whose Sale is relatedi to thle second deri5Vat j vt
of hesqureof hemodlat ion itto (liv sit rasssril

he-aving the t ransdltcer. 11% control Ii ig thes moiila-
Sion of pul se toi the sending t raiisli isr, int, h.,

k a=.2 soilsv isntro ofI i thle resultant ptal st. An addl i t iiiila I
bve it is thei beami lattern gsni-rait- cIi v onl ins-ir
,Ii fee "t is extnemss niarroiw anid in soms' ts5s have

t tovirtusia lv no side lilies.

SF PULSER AMPLIFICATION
SCR0 DISPLAY

Figure 4s. Iheone-ti-s iit asoh it onIs of ramlp bacek-

scattered acoustic pulses from hard
spheres. z-.

SOURCE WIDEBAND
RECEIVES

RAMP RESPONSE - ELASTIC WAVES CCi14

Figure 6. Exper imenital apiparatuis uised in detect ion

ka=.8of nonlinear phenomena

.AAL- - Z-j3ss

,TTWZ xis.

1 t3

251,

Figure 5. Theoretical calculatlion of ramp b~ack- Figurne 7. IIllustrat tion if changing pulise waveform
scattered elastic pulses from sphecri cal undergoinsg sel f-slemodUlat Ion

voids.
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The concept can be incorporated Into a trans- REFERENCES

ducer housing in which the nonlinear processess

occur and the pulse transmitted to a material under 1. E.M. Kennagh and D.IL. Moflat, "Transient and

test would be the desired ramp pulse. In Fig. 8, Impulse Response Approximations", Proc. IEEE,

such a transducer configuration is shown. Vol. 53, p 893-901 (1957).

In order to receive the sound, another trans- 2. J.D. Young, et al "Basic Research in Three-di-

ducer would have to be included. In the mensional Imaging From Transient Radar

illustration I have included a possible broadband I Scattering Signatures" Annual Status report to

system. It has a fiber optic sensor which responds Ballastic Missile Defense Systems Command by

to the backscattered wave. Figure 9 shows a the Electroscience Laboratory, The Ohio State

proposed system for the fiber optics detection in University, Columbus, Ohio, (July 1978). Also

which optical phase modulation is detected by a see J.D. Young, "Radar Imaging from Ramp Res-

h.terodyne technique. Fiber optics hydrophones ponse" IEEE Trans. on Antennas and Propogatlon",

have been built for lower frequencies and have Vol. AP-24, pp 276-282 (1976)

sensitivities approximating piezoelectric hydro-

phones. 3. M.B. Moffett, "Large Amplitude Pulse Propogation,

a Transient Effect", Proceedings of the ARL

1969 Symposium on Nonlinear Acoustics, Austin,

Texas.

FIBER OPTICS LEADS

[LASERBE OPTI

DETECTING COIL

MDNAB TRANSDUCER
ELECTRICAL RADIATING

LESSURFACE

Figure 8. Proposed ultrasonic transducer con-
figuration Incorporating nonlinear
generation and fiber optic detection.

FREOENCYTRANSDUCER

FIBER PHOTODETECTOR

DEMODULATOR

Figure 9. Detection system for fiber optic sen-

sor of ultrasonic waves.
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SUMMARY DISCUSSION
(B. D. Cook)

Bruce Thompson (Rockwell Science Center), In your last slide you showed utilizing the
nonlinear absorbing medium to take up all the high frequency contents, what was
the efficiency of that?

Bill Cook& It was very efficient. You list the reasons it's not efficient. But the
key feature is that the signal that you get is related to the modulation enve-
lope, and it is given by the second derivative of the modulation to the square.
So, if you can control the modulation at a high frequency, you can get a bandwidth
that you need.

Paul Hollers Any other question?

George Gruber (Southwest Research Institute)% You and I never have seen each other's
technique, right?

Bill Cooks Right.

George Grubers But they are similar somewhat because you're trying to get size
information from the time function. And you would like to have high Q transducer,
ten to one --

Bill Cooks Low Q.

George Grubera I take it back.

Bill Cooks Some of the people from Ohio State think the argument is just backwards,
you're trying to use the satellite pulses for example, and what they're trying
to use is time discriminated and throw that all away because all the rest of that
information in the high frequency range is noise to them; essentially, by using
just a regular region they can throw the other out.
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MATHEMATICAL PRINCIPLES OF DATA INVERSION

D. A. Lee
Air Force Institute of Technology

Wright-Patterson Air Force Base, OH 45433

ABSTRACT

Inverse elastic-wave scattering problems are shown to be ill-posed in general. Standard simplifying
assumptions--the first Born approximation, the physical optics approximation, and the stopping power
approximation of tomography--are shown to reduce to the same ill-posed mathematical problem, that of
inverting a Fourier transform. Practical implications of this fact are illustrated with examples.

INTRODUCTION DR because, if the interior of R were accessible
for observations, there would perhaps be no need

This paper points out general features of the for any nondestructive evaluation.) The responses
mathematical problems to which one is led in recov- gi might be the three displacement components at
ering information about materials' defects, from points of parts of DR not constrained in the test
scattered elastic waves. These problems typically or the g. might be traction components at parts of
present two complications: non-linearity and ill- o
posedness. The non-linearity appears because the DR whose displacements are constrained by the test.
same defects which serve as sources of scattered The piece R includes a region B, in which elastic
elastic waves also affect the waves' propagation. properties may differ from standards. The flawed
The ill-posedness reflects the fact that signifi- region B might be a crack, a void, or an inclusion,
cant but sharply localized flaws may cause only it might be a region of anomalous elastic con-
insignificant scattering. These two complicating stants. The nonstandard elastic properties of the
features, which are common to many inverse scatter- material in B are associated with nonstandard
ing problems, must be borne in mind when making values of some set Q of characteristics of the
rational inferences from scattered elastic waves, performance of the piece R in service; Q might

Standard simplifying assumptions bring one to include fatigue life or yield stress.
linear approximate versions of inverse scattering It being impossible or inconvenient to observe
problems. The ill-posed character of the original Q directly in a nondestructive way, the objective
problem remains. Data inversion for each of three of the test is to estimate the actual value of 0
cases considered here--the first Born approximation, for a given sample part R, from knowledge of the
the physical optics approximation, and the stopping- input f(t) and a set of observed responses gi(t),
power approximation of tomography--all reduce to for 9 in A and t in some interval. It is important
the same mathematical problem, that of evaluating to note that the solution of the general inversion
the inverse Fourier transform of a function deter- problem is a set of estimated values of performance
mined from experimental data. Examples are given factors, and not necessarily the shape of the
of an approach for treating this standard regular- defective region B.
izable ill-posed problem, and its treatment in In the next section, we'll discuss the ideas
general is discussed. of ill-posed and well-posed problems. After that,

we'll show by an example that inverse elastic wave
A GENERAL INVERSION PROBLEM scattering problems are in general ill-posed.

Many cases are covered by the following general WELL-POSED AND ILL-POSED PROBLEMS

A well-posed problem. as defined by Hadamard

, about 1904. is a problem that has a unique solu-
.r . tion. which depends continuously on the problem's

data. For example, consider the problem of finding
the deflection Y(x) of a string fixed at both ends
and subjected to a distributed load W(x) reduces.

for an appropriate system of units, to finding Y(x)
such that

Y"(x) = -W(x) (1)

Y(O) 7 0 Y() (2)

The solution of this problem is
Figure 1. ,l

Elastic waves are excited in a piece R of a linear Y(x) 0V(x.t)1J(t)dt. (3)

elastic material by an input f(t) to a transducer of here
known characteristics, located on a part of the sur- w

face R of R. Responses gi(rt) are observed, pos- Kt(l-x) 0 t x x4

sibly by a second transducer, located near points W 0 x(xt 1 (4)
of a subset A of R. (Observations are limited to x(-ti, x . t
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Clearly the problem defined by (1) and (2) has a
unique solution Y(x). for any continuous W(x).
Moreover, if W(x) changes by an amount 6W, then Y
changes by 6Y, with

6Y(x) 
=  

(IK(x,t)6W(t)dt (5)

JO
since

jK(x,t)I (6)

for all x and t of interest, FFigure 2.

16Y maxl~w I  (7)

6Yi S 4 macase) by analyzing elastic waves scattered back to
Thus, changes in the solution are commensurate with surface sI , and transmitted to surface s
changes in the data, and this is the essence of We can focus on the essential aspects of the

continuous dependence of the solution on the data. problem by regarding the slab as very thick, and
On the other hand, consider the problem of considering elastic wave reflection and transmission

finding an unknown load W, given the displacement at interior points. If the material ir "perfect",
Y which it produces. The solution of this problem i.e., has constant elastic-wave impedance, then no

is obvious from (1): to find W given Y, differen- elastic waves will be scattered, and an incident
tiate Y twice and multiply by (-I). There is, thus, elastic wave train will propagate through the slab
a unique solution of the present problem, at least without attenuation.
for each twice continuously differentiable Y. How- Now, consider the following particular case o'
ever, this problem is ill-posed, because there are varying elastic wave impedance: the slab is of con-
functions Y0 and Y1 which differ arbitrarily little, stant impedance, save for a segment of length 2L

whose second derivatives differ arbitrarily greatly. (Fig. 3), Let us consider for the moment time-

Specifically, let harmonic waves, with frequency .. and wave numbers

Yo=x(l-x); Y =x(l-x) + sin nix, n=l,2,.... (8) \z1  , '\

Both Y0 and Y1 satisfy boundary conditions (2), and I
Cl '1

IYI-YoI = IL sin mnxI - Ik 1 (9) \ c,

However,

W0 -Y 0 11 2 (10) Region I R\ e\ 1c'0'n

while
W1 -YI 2 + 

2 
2

' 1 2 + 02, sin nix (11)

so that - .12 I '2
2T,2 Figure 3.

W, - WO n , sin nx (12)

Now, by choosing c sufficiently small, Y and Y ki=,,/c i. One finds by elementary methods that a
1 0 1 1, ik1X

can be made to differ as little as one pleases; right-moving incident wave U0e in re(,ion I
given any i, n can be chosen sufficiently large so -ik lx

that, at some points, W1 and W0 differ iy as much causes a left-moving reflected wave qe in

as one pleases. region 1 , and a right-moving transmitted wave

This ill-posedness due to lack of continuous ikIx
dependence on the data greatly hampers the solution he in region 3. with
of the last problem in practice, since all experi-
ments--even numerical ones--involve some error. As q - U0R(.). h IJ1T(.) (13)
we'll see in the following section, the general If
elastic wave inverse scattering problem also ,L14
exhibits discontinuous dependence of solution on (14)
data.

then
ILL-POSED NATURE Of INVERSE ELASTIC-WAVE SCATTERING

The case of a slab with varyin elastic proper- L(.) I 2 c ul( '' ) (')

ties is one of the few inverse elastic wave scatter- 2

ing problems to be solved in great detail (1). The
material of this section shows that this problem is and

ill-posed. T( ) I . 4)I 2 (I(,)
The geometry of the problem is shown in Fig. 2.
Elastic waves are launched from surface sl of a

slab whose elastic properties aro functions only of Clearly, for any given . and any given zl , Z, c1

x. The objective of the experiment is to determine c_, one could make R(,.) as (lose to zero as he
the variation of elastic-wave impedance with travel

time.(Reference (1) shows that this is, in fact. all pleased--and, simultaneously, make 1(.) as close to

that one can infer from inverse scatterinq for this I as he pleased--by taking I sufficiently small.
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From this, and from the fact that R(,)) and T(w) are _ ex X+.-a
uniformly bounded for all , it follows that if the u = . .. .. - (20)

actual incident wave is any given band-limited sig- 0

nal, then there exist two impedance profiles--the with

constant, and the constant with an inclusion like 1(t) = 0, 1 (0,T) (21)
that of Fig. 3--for which both reflected and trans-
mitted signals are as nearly the same as one wishes, and
while the profiles differ, locally, by as much as (0) C ,vt (22)
one wishes.

Thus we see that a particular inverse elastic then Ui(x;w) is given (2) by
wave scattering problem is ill-posed. This pathol- -

ogy is shown to be quite general, in Reference (2).
In the following sections we will see that three U2(x,)

widely used approximate treatments of inverse elas-
tic-wave scattering problems all lead to the same 2( _ rrr [ik 6C ene -k

2 
c emene

ill-posed mathematical problem.40 2ao 
9i y-x) a 6mnp.m n p a cmnp inn p

THE FIRST BORN APPROXIMATION

Reference (2) gives the details of a demonstra- Y

tion that the Fourier transform U(x,w) of the dis- where
i - T

placement field of the elastic wave scattered by a g() - (u)e IUWdu
defect in a finite region B of an otherwise un- 0
bounded homogeneous isotropic elastic material sat-
isfies the integral equation and

u = ., - [g(yv(x) - x-e+ (24)
4 B n~p y In the far field, i.e., when

+ 1- fffg(y-x)6p(y)Us(y)dv lvi 1,. L'd (5.. ..09i y_ 1 l, bIyl .. . 4 y, B U iB (25)
B lx !xj

+ Gi(xp;) (17)

the free-space Green's tensor g~j is given approxi-

where mately by
Gi~x;-,) U 0, 2 e ik a

x 
e- ika xYGiL; ' fff Igi(y-x)[( CnUc U0 )'m g .(y-x) 4 k:x..x. 2a - ik-

4T ,, B ninp n

+ 2 0 () eik b
x  

.ikbX.Y
y+ kb (6j-xxj) x e (26)

In (17) and (18), 6c ijkQ(x) is the variation of theif tu 6 where x is a unit vector in the direction of x. In
stiffness tensor from the values AO

6
ij kq + the back-scatter direction, where x = -xe and

L(si 6 +6i. j.) found in the unbounded medium.

.' jk ik j)u x = -e, it can be shown (2) that

and 6,(x) is the variation in density from the ik 6
value ,0 found in the unbounded medium. The ag(u)eka k 

2  
ikbx

(x;,,)) are the Fourier transforms of the displace- b 2 6 iC eie9)l X

ment field incident wave, and gjk(Ax;) is the free- U L 0 0 J

space elastic Green's tensor i ) c i(ka+)e'

ikbx Veika x ikxl ( jiJJmnpemenep e dvk b 2 e k - e x 
a 

e m n

gjk
(x )  

x 'j 'k 1ik V2 ik ii

This formulation deals explicitly with the scattered 4 a e X
field, which we will find convenient. 4 ''o 0

The first Born approximation (3) here means the e6dvIsolution of the approximation to (1 7) obtained by 'cij
k

e nec ] e2ike

assuming that Acijk , and ,, are 'small", and that fit 2 + v
the scattered fields and their derivatives are also ao
"small", so that the integrals in (17), which (27)
involve products of "small" terms, are negligiblein omprisn wth i~x, ) Ths aproimaion The two terms in large brackets appearing in the
in comparison with G .(x,,). This approximation right side of (27) have straightforward physical

gives U"(x,,) immediately in terms of the U0(x,.). interpretations. The first termn is polarized

If the incident wove u(x,t) is a plane dilatation transversely, since

pulse, i.e., if (p ii- eei)ei 0
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This term represents a train of scattered shear the inverse scattering problem was eliminated by
waves, lhe second, polarized longitudinally, the assumptions of the first born approximation,
represents a train of scattered longitudinal waves, but the ill-posedness might have been expected to
Time-gating will make it possible to separate these remain--and it does.
two trains, when the parameter T of (21) is suffi-
ciently small and x is sufficiently large. Analy- THE PHYSICAL OPTICS APPROXIMATION
sis of first arrival times of scattered dilatation
waves, as e varies over all directions, makes pos- By the "physical optics approximation" we mean
sible the estimation of the location of a point in the approximation obtained for the elastic waves
B, so that x may be regarded as known, as the scattered from a void or from a rigid inclusion,
source/observation point moves over R. Thus it is when, at each point of the surface of the scattering
possible, in principle, to recover body, the traction and displacement components of

the scattered wave are taken to have the values
they would take on if the incident wave were

D(_) f 6I cZeemenep scattered from a plane boundary. coincident with
ao the tangent plane to the surface at the point in

question. Reference (2) provides a proof that the

2ikae.-y dilatation wave component of the far-field back
+ a dVy (28) scattered elastic wave due to a plane dilatation

y wave incident on a void, in the physical optics
and approximation, is given by

ll e(ka+kb) 'Y ik xia~

Si) - (8i -e e 6cmn p()emenep e dvy U- ika U e ik a (n.e)e do(y) (31)

(29) aBI(e )

by observing back-scattered dilatation waves in the
far field, where n is the outward unit normal to the void e a

D(w) and Si(,) are equivalent to spatial unit vector in the direction of the incident wave,
Fourier transforms of quantities related to the k a= "/a, where a is the dilatation wave speed, and
stiffness and density perturbations. For example, 3BI(e) denotes the insonified portion of the surface

1 1 4of the void.D(-) 4 l f ![ -7 (2k a)46Cmnp(y)e emenep Thus, in principle one can recover, by observ-
(2ka- a ing the far-field back-scattered dilatation waves

a BL 0  the quantity

+]4 2ik a e'  il -i.
+ (2ka)460(y)] e dvy @(p) 4T j (n.pe

l
py dc(y) (32)

Defining where 3BI(e)

p -2kae,

we see that p : -2kae (33)

D(Gw) - 1 ([[ ScmpPPP If B is convex, then 0B1 (e) consists of those parts

(2ka) a 6C a mnrmnr of B for which (n.p) > 0. Thus for convex B,

] dvy:(P) = i (n.p)e'P'y d,(y) (34)

I p4dy n-p , 0
By repeated applications of Gauss' divergence We will use (34) in general, recognizing that an
theorem, under the assumption that 6c~ mnr and approximation is thereby introduced, if B is not

have fourth derivatives which are piecewise smooth, convex. Equations (32) and (33) are, apart from a
we find constant in the definition of (p), the same as

Equations (5) and (6) of Reference (3), which con-

0I D(w) = fff sidered electromagnetic scatterirg. As in (3).

a B ao straightforward manipulations show that

+ m e
-P ' 

dvy (30) I p) ['(P)+:*(-P)] 21 e dv

Thus observations of scattered dilatation waves from 1[ f (y)e-'P'y dv (3-)
a plane dilatation pulse, over all incidence direc- 2 f
tions and all frequencies would, under the assump- y
tions of this section, yield the Fourier transform
of where f(y), the characteristic function of B, is

g(x) 12 cc + defined by
a 0  (Y ) =

In principle, g(x) could be recovered from those 0, otherwise
observations. Reconstruction of a function from
partial, corrupted values of its Fourier transform lhen, by the lourier inteqral theorem,
is an ill-posed problem (2). This ill-posedness is
not, of course, unexpected: the non-linearity of
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- f (that, according to (30), (35), and (38) observa-
- 2 2 y(p)e 'YP dv (36) tions may yield values of Fourier transforms ofY (2) 2 quantities of interest at discrete points of wave-

Thus we see that in the short-wavelength limit, as number space. Now, suppose we know that there is

in the first Born approximation, observations lead some cube, of edge 2L, inside which the defect

to the Fourier transform of a quantity of interest, region B must lie. Then the quantity g(x) which

Equation (35) is the Bojarski-Lewis identity (3), characterizes the imperfections, e.g.
which can now be seen to apply to elastic wave 4
scattering as well as to electromagnetic wave g(6P 6c +mnq
scattering. a 0 mnq,kmnq

ELASTIC WAVE TOMOGRAPHY for the first Born approximation or

If elastic waves are assumed to propagate g(x) = Y (X)
through a body B without refraction, but with atten- for the physical optics approximation will, if suf-
uation according to ficiently smooth, be given by the sum of a Fourier

dl _ -S(r(s))1, (37) series. That is. there will be coefficients CUmn
such that

where s is arc length along the ray x r(s) and
the function S(x), the "elastic wave stopping power", i(zx 1+mx7 =nx3)
characterizes flaws in the body, then it can be g )j) e L (39)
shown (2) that a function h(p;e) which can be deter- (x) Cmn
mined from intensity observations made on the sur- The connection between the c. and g(x) is
face of B, has the property _mn (x

h( ,e ) = e -'1 P *S (x )dx . (38 ) 1 L = (C24

B 8L -L

Here e is a unit vector in the direction of a plane Now, Equations (30), (35) and (38) show that values
elastic wave in B. The function h(p,e) can be ow eguas (0 (3c), and (38) ow that ae
determined for any p perpendicular to e. Thus, the of integrals of precisely the form of (40) arespatal ourer ranfor ofS(x) can be determined, directly observable, when the appropriate approxima-
spatial Fourier transform of tions hold. This suggests a testing program--one
for certain spatial wave vectors p_. should observe those waves which generate the :nte-

The geometry of the part may allow one to find
a family--or families--of propagation vectors e, grals of (40)--as well as a data reduction scheme

whose normal planes fill all of three-dimensional given experimental values c for some of the c,.
wave-space. This is the case, for example, if the o pmn ,oc
part is any figure of revolution. In such a case, one produces
the Fourier transform of S(x) can in principle be N iL( xl+mx2+nx 3)
evaluated, and S(x) re-constructed, by techniques gN(x) =M l cm n e (41)
such as the one considered in the following section. -N
In other cases, the Fourier transform of S can be
evaluated on parts of wave-number space, and this as an approximate solution to the inverse scattering

partial information may give useful insights into problem. The family of approximate solutions (41)
prtia inorto n mlay ge d bis an example of a regularizor for the ill-posedthe nature of the flaws characterized by S(x). inversion problem (17, 20T.- Now let us explore the

INVERSION OF FOURIER TRANSFORMS WITH NJOISY DATA connection between the approximation gN(x) and the

actual g(x). If

Section 5.10 of reference (2) gives a proof by c c + c
example that the problem of inverting a Fourier cmn kmn Pmn
transform is ill-posed, in the sense that there are
transforms which differe arbitrarily little on all where Icpmn includes both observation and modeling
of wave-number space, but whose inverse transforms errors, then
differ arbitrarily greatly at some points. Thus,
while the simplifying assumptions of the first Born N i[(xl+mx2+nx3)
approximation, physical optics and tomography each gN(x) - q(x) i mnl e
eliminate the non-linear character of the general -N
inversion problem, leaving us with the linear prob-
lem of inverting a Fourier transform, the ill-posed *+ +A
character of the original problem is still very much '' [Amn -;mn -mn+A m-n
to be reckoned with. The fact that arbitrarily N+l

small deviations in transforms can lead to arbitrar-
ily large deviations in inverse transforms, coupled - 2Re [A +A +A
with the fact that all experiments involve errors N+'
of observition, certainly warns one not to treat
the inversion problem lightly. owever, we'll see - ?Re [A .+A +A *A 44 +4A
now that approximate inversion methods can be con- N l 01 o-jW .10W jo- .lo -jko

structed, whose errors may be estimated. In the (4?)
process we'll see how observation errors set limits where

cn our ability to resolve details of disturbances in
elastic properties. i (.Xl +tTmx"x3)

for a first approach to this task, we may note l, Mill e (43)
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In writing the second error term, we have used the L

fact that c Zm-n - c*,m n. A study of the behavior gN(x) GfI GN(x-u)g(u)du

of the two error terms,
N i( x1 +sx2+nx3)

E 1-(x+mx 2 nx3) (44)1+2 3 (44)cA m e (49)
El E~

6 ~neL-
-N

and where

E2 r 2Re o (aook+Aoko+Akoo) GN(V) 1 l l eiL(vl+mv2+nv3 )
N+I N 8L -N

+ 2Re (A +A A A A That is, the approximation gN(x) is equal to the

N+l 2Re ( -jk+Ajok+Aj°-k+Ajk°+Ajk° convolution of g(x) with the aperture function
G N(x) , plus the error El. Some examples of the

+2Re [Amn +A Zmn +A -n +A m-n (45) behavior of GN(v) for various values of N are shown
N+l, in Figs. 4a and 4b. These figures show how the

is instructive. Because the series of (39) con- width of the principal lobe of GN(v) decreases with
verges, E2 must tend to zero as N increases, increasing N. This width is, of course, a measure

Working with very large values of N is not, however, of the resolution attained by the approximation (49).

the way to ensure small errors in 
9
N, because The presence of the error term El in (42) limits the

generally increases rapidly with increasing N. value of N which can be used effectively. It is in
genderad, incree s know ly ith ncsI n we this way that the presence of errors sets resolution
Indeed, if we know only that LZC~inI , then we limits for the regularizor of (41). In general,
may say errors limit the amount of fine-scale detail which

EIli (2N+l) (46) can be recovered in solving regularizable ill-posed
problems. Figures ta and bb show the results of

Unfortunately, the estimate is "sharp", in that applying (41) to perfect (approximately 15-place)
there are choices of 

6
c .mn, all with magnitude not data, and Figs. 6a and 6b show the results of

exceeding _t, for which the equality sign holds in applying (41) to noisy data with values of N which

(46) at some x. Consequenlty, if N is taken too are about equal to. and greater than the optiral

large, E1 may-be large. On the other hand, if N is value N*.
While the "best possible" estimate of the

taken too small, E2 will be large. It follows that, function g(x) obtained from a given remjularizor

in fact, there is an optimum number N* of terms to api)'led- to experiments with given error processes
may be discouraging, it will often be the case. as

El +2 is a minimum. This optimum pointed out above that this futnction is not itself

number may be estimated, if one knows enough about the solution to the inversion problem under con-
g(x) to be able to characterize the truncation error sideration, but only an intermediate step. It say
E2. and if he has some knowledge of the errors be, that an error analysis of the actual solution
Ac . Calculations of this kind are to be found in presents a brighter picture. Reference (2) shows

,

mn that, generally speaking, low-order int gral moment"
References (4), (5), and (6). Reference (2) shows of g(x) may be estimated with iimuch more confidence

4 4 than can g(x) itself. If one knows in advancf, thm'
that, if V g(x) is continuous and J'' g(x)! -. cI , and form of (x), if. for example one knows a priori
also [cmnI < t, then that B is a sphere with a given center so that only

one parameter need be estimated to detennie ,X)
g, 1 (x)x3 + B/N (47) the picture presented b" the error analysis may be.
-(2N+l N (47) brighter still. This is borne out by the work of

L4ca Richardson (7), and suggests that use of long-
where B i a constant proportional to . The wavelength limit data to (evaluate moments of (wartl-

right side of (47) attains its minimum at ties associated with defects, as iscu,,sed by Komhn
and Rice ( ), may be a good approach to pract ice.

2 N4 + 2 6
-
,1(4)

While (483) is only an estimate of the optiium N, it
is nevertheless so, that taking many fewer than N
terms in (41) results in large values of E_, and
"wastes" information, while takinq manj snrf than N*
terms results in large values of El, in which oleor-
vation and modeling errors are unduly amplified.

The reqularizor (41), like many other regular-
izors. may also be viewed as providing an approxima-
tion to a convolution of rj(x) witl, a member of a
class of "aperture" functions, and thi' i, tfrpr't,-
tion may be helpful in practice. Refer'nm (2)
shows that
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4 a

4b.

Figure 4. 5b.

ValueS Of G N(v) vs. vj for N = 3 (Fig. 4a), andfiue5
N = (Fig. 4b). The same arbitrary scale is usedFiue.
for the abcissas of both figures, but the ordinate Partial SUITIS of the fourier series of a function of
scale varies from figure to figure. three variables as it,, argument varies along a

straight line. The function is the characteristic
function of a sphere, whose center is off-set from
tiie c-enter of the iube within which the series is.
de'.er,,i nf-f. Vilwins of the function itself arc
S howe on lko i tt ,jhe rve of Fig. 5a for reference.
f gure f . r ro-,wds t o N =i in F qua t i on (41
hIlIlI :A fir r ponds to N = 5. The satle(

artitrar,,,v foi s n ir h0th figures.
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SUMMARY DISCUSSION
(D. A. Lee)

Jack Cohen (Denver Applied Analytics): I have seen the pictures of Kino and pictures
of Quate, and we realize there must be something wrong here because they're
certainly getting images. I think what's wrong is that the Fourier trahsform in
particular and the (inaudible) to the fact well-conditioned, not ill-conditioned.
The particular Fourier transform (inaudible) a unitary matrix. What more could
you want?

David Lee: For most of the inverse problems we are talking about, I can exhibit data
which differ by as little as you please, which correspond exactly to solutions
which differ by as much as you please.

Jack Cohen: After you discretize unwisely. If you discretize wisely, you have unitary
measurements.

David Lee: I'm not making any approximate solutions -it all. I'm simply talking about
a property of the problems themselves. I claim I can exhibit data which differ Ly
as little as you please, which correspond exactly to arbitrarily greatly di'fering
solutions. There is no approximate solution involved. Now,'I certainly do think
you can find wise approximate solution procedures which minimize these effec:s,
but the effects are there. My claim is that one should be aware of them.

Jack Cohen: I really disagree (inaudible).

John Richardson (Rockwell Science Center): I would like to make a comment which may
clarify the previous discussion, namely, that indeed if you have a set of spatial
frequencies from your actual scattering data that are completely congruent to the
set of spatial frequencies you're trying to determine in your image, then there
is no ill-posedness at all.

David Lee: That's true.

John Richardson: Now, there are two kinds of ill-posedness that may enter, and one is
when you have a set of spatial frequencies available in the scattering data which
are (inaudible) the set of spatial frequencies of using to represent their func-
tion to be determined, and that's where the particular difficulties come into
discussion. But there is also the super resolution type of problem where you're
trying to determine something which is of higher resolution than your data justi-
fied, and there is another kind of proposedness which can only be handled by a
priori information.

David Lee: I agree with that. In fact, the thing I'm advocating is when you're
doing business with inverse scattering problems, it is very important that you
are aware of the ill-posed character of the problem and that you do just what I
understand you have been saying: you think about the errors that you have in
your data and you ask yourself what frequencies will allow you to infer
rationally; if in fact they allow you to infer, with acceptable error, those
frequencies which you need to do the reconstruotion you want to do. Then every-
thing is fine. The time you get into trouble is just as you said, when you try
to infer things about frequencies which the data won't allow you to do.
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APPLICATIONS OF IMAGE RECONSTRUCTION IN ND[

R.V. Denton and S. Maitra
Systems Control, Inc.
Palo Alto, CA 94304

ABSTRACT

The nondestructive evaluation (NDE) of materials often involves the solution of an inverse problem.
It is shown that image reconstruction techniques lead to the direct solution of the 3-D inverse problem
when radiographic measurements are made. In particular, it is sugl.-ted that the convolve-and-backproject
solution to the 3-0 divergent ray geometry problem should be useful for NDE. There is also a discussion
of the accept-reject criteria appropriate for various classes of defects.

INTRODUCTION been relatively minor treatment of the case that
the measurements are made in a truly three-

There has been a strong emphasis on defect dimensional arrangement around the object being
characterization through ultrasonic scattering evaluated. Rather, the measurements are typically
measurements in the previous ARPA/AFML Progress made in sets of separate planes intersecting a
Reviews [l]. Here the ultimate goal is to invert 3-D object. The object is then reconstructed by
the scattering data, i.e., to solve the inverse obtaining the reconstruction of each plane sepa-
problem, in order to arrive at quantitative esti- rately, after which the planes are stacked together
mates of the three-dimensional size, the shape, and to obtain the 3-D result.* The main reason for the
the orientation of defects. This problem can be interest in a true 3-D measurement arrangement is
solved for the case of fairly simple defects that that it should be possible to develop an efficient
are situated in structures of uncomplicated geo- real-time system for the determination of defects.
metries. However, this inverse problem becomes
extremely difficult to solve for complex structures. After carrying out the image reconstruction,
due to the many possible internal reflections which the problem still remains of identifying the
can occur. In an industrial setting, it is the defects which may be in the object. A defect
many internal reflections, together with refrac- must be classified, and there will usually be a
tion and diffraction phenomena, which lead to set of accept-reject criteria which depends on the
ambiguities in identifying defects when using type of defect, taking into account the specific
ultrasonic measurements, application of the object under evaluation. The

accept-reject criteria must be analyzed from a
It is for this reason that radiographic statistical standpoint, and methods of statistical

measurements, whenever applicable, will always hypothesis testing are appropriate. Some of the
play an important role in nondestructive evalua- main ideas in this approach are indicated in the
tion (NDE). The geometric optics limit is last section of the paper.
applicable in radiographic techniques; the wave-
length of the X-rays or of the emitted radiation IMAGE RECONSTRUCTION
from radioisotopes is much smaller than the size of

the scatterers. The rays travel in straight-line As pointed out in the introduction, the bulk
paths between scattering events, and a typical of the work in image reconstruction has involved
transmission measurement simply determines the net measurements which are line integrals (designated
scattering out of the beam direction, projections) through a 2-D density f(x,y).

Radiographic transmission measurements, often The orientation of the line integral paths
called shadowgraphs, have been an integral part of can be described in two geometries. In the early
industrial NDE for decades. Their disadvantage is work sets of parallel ray projections through the
that depth information is lost; a three-dimensional density were utilized; projections in a given set
(3-D) object is projected onto two-dimensions, i.e., are parallel to one another, but displaced in
onto a plane. Associated with this, a small defect angle with respect to projections in the other
can be difficult to resolve in standard radiography, sets. One such set of parallel ray projections
since it contributes to the transmission measure- is shown in Fig. l(a). Reviews of a variety of
ment in the rati, n its linear dimension to the reconstruction algorithms for the parallel ray
depth of the material along the transmission geometry can be found in oefs. [4-7]. In some
direction. It should, therefore, be of considerable of the more recent work the sensors are arranged
economic interest to develop techniques which at fixed positions around the density to be
combine the transmission measurements from different reconstructed. A set of ray projections diverqinu
viewing angles to obtain a three-dimensional, well from each source position is then utilized, this
resolved image of the object being evaluated, arrangement is shown in Fig. 1(h). Descriptions

of the divergent ray (sometimes desiqnated fan
The purpose of this paper is to describe two beas) reconstruction algorithms can be found in

image reconstruction algorithms which are applicable rzefs. [-lRlf].
to this general problem of reconstructing a 3-D
object from a set of radiographic measurements. *This approach has also heen utred ir iir ,(1 image
Image reconstruction techniques have been discussed reconsl curtiu) n to dot.rminf , 

r T frotl-
extensively in the literature, and yet there has sonic 31e,.urtu I,.
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r-plane).* The length k , is the distance in the
T-plane from the ray to the origin. A convenient
pair of orthogonal axes for decomposing P is given
by

( x k) / (: (1)I)
xy( )

C( r) /) (k TI).

z xy xy

where k is the unit vector along the positive z
axis. The ray is defined as the locus of points
. + ir as varies over [-ao]. The parallel ray

projections are thus given by

(a) Parallel Ray Ge.a,y On e o f poJI .1 11(

is .....n. 1t . -o-'. p( , W +TT)dT , (2)region at differnt anl,

where f(x) : f(x,yz) is the density to be recon-
structed. As seen in Fig. 2, the vector t is the
projection of the sensor location onto the i-plane.
In a realistic arrangement it is assumed that the
sensor is outside the region being measured; the
actual sensor distance above the T-plane (i.e.,
along the line I + Tr) is not important due to
Eq. (2). The reconstruction problem consists of
dete'mining f(;) in Eq. (2), given all projections
p(t.r). The solution to this problem, as derived
by Orlov [14], is

f( ) l- [sin d(P d (ffd- p(,)( - )

S oeie 0 0 -o
S-e(b) 01i 9Oeee Ray Onnotry. 0n- Wn of ProJecaiOns i, (3)

,hoawn; other sets emanate fron other source locations

,roOnd the den..ty region.

Fig. 1 Measurement Geometries for Two-Dimensional where XT 
=  

-x'i J

Image Reconstruction and X-

There are two principal methods which have 'x-
been used to carry out the image reconstruction.

The algebraic reconstruction techniques (ART) Here the point to be reconstructed, is projected
involve the inversion of a large matrix. They onto the T-plane (th latter defined by the angles
have the advantage that general density fields, o and ); the point xT then enters in the argument

even including spreading losses in the propaga- of a convolving function .'. The 1-integration is
tion of the signal to the detector, can be the 2-D convolution of the projections p(?,T) for
reconstructed. The convolution methods [11], each T-plane with .(-k -). After carrying out
on the other hand, are somewhat more restrictive this convolution sepabately for each i-plane, the
but are usually an order of magnitude faster in contribution of each ,-plane is summed according
computing time. This can be a significant to the angle integrations.ove, ,0 and (. The
difference if one is interested in developing latter integrations are usually known as back-
real-time systems. It is the convolution approach projections. It should be noted that in the
which will be treated in this paper. solution form given in Eq. (3) we have neglected

a contribution due to the singularity at =
1
of

Both the 2-D parallel ray and the divergent which must be taken into account in a practicalray reconstruction geometries of Fig. 1 have implementation. This contribution will be

generalizations to three dimensions. The convolu- discussed later in the paper.
tion solutions to the 3-D problem will be described
next. That Eq. (3) is actually a solution to the

Reconstruction in 3-D From Parallel Rays - The 3-D parallel ray reconstruction problem can be
established by taking as the object density a 3-D

basic equations for direct reconstruction from Dirac delta function, and by verifying that Eq.(3)
3-0 parallel ray projections were developed by results in an output image which is, in fact, a
Vainshtein and Orlov [12-14]. Their parameteriza- delta function [143.
tion of the projections is convenient and, with
minor modifications, is applicable to the
divergent ray geometry also. With reference to *Vectors will be denoted by an arrow, while the
Fig. 2, a ray is parameterized by the unit vector caret symbol designates a unit vector. The
T, as specified by the spherical coordinate vector dot and cross product are denoted by
angles ((),f),and a vector I lying in the plane and "" respectively.

perpendicular to ? (denoted hereafter as the
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Fig. ' Three-Dimensional Parallel Ray Geometry Fig. 3 Three-Dimensional Divergent Ruv Geometry

lue to the structure of the solution in The reconstruction problem is again to determine
Eq. (3), a computer implementation is straight- f(4), given the projections p(l,i). The solution
forward; in particular, an array processor can to this inverse problem can be obtained by a direct
lead to extremely rapid computing times. In transformation of the 3-D parallel ray solution in
carrying out the implementation, a discrete form Eq. (3). The details are rather lengthy [15] and
of the convolving function- must be obtained, will be omitted here. The result is
This involves a careful treatment of the singular- 12 D[
ity at R = , as already indicated. f(;) 1 d f! sin, 2"dd xY d .
Reconstruction in 3-D From Diverent Rays - The d.....

measurement apparatusr e otIea-ove (6)
3-D parallel ray reconstruction algorithm leads
to some of the same difficulties that pertain in . .. ..(,)
the 2-0 case. For each set of parallel ray D---2
measurements, a series of translations of the
source-detector combination is necessary.
Following this, the entire apparatus must be
rotated, after which the next set of parallel where x T = -_ [x - ('T) ']
ray measurements is obtained, etc. This is D+;-,
difficult to achieve mechanically, especially
if one is interested in a real-time imaging and (' ,)= -3--.-'x
system. It is for this reason that the
divergent ray reconstruction algorithm has
found widespread application in the 2-D case, with X T
and similarly, the divergent ray geometry T

should be significant for the 3-D reconstruc- The reconstruction algorithm, Eq. (6) is
tion problem. This problem, and its solution, similar to a convolve-and-backproject solution.
will be discussed next. However, because of the extra term tf /D, the

inner integral over is not a convolution

The 3-D parallel ray parameterization shown integral. Thus, an exact implementation of
in Fig. 2 can be modified for the case of the Eq. (6) requires that the integrals be evaluated
divergent ray projections. For this geometry, for each point x in the i-plane. This would
the sources are taken to lie on a sphere of radius require a somewhAt heavier computational burden
D, with source coverage over the full solid angle, than a true convolve-and-backproject solution.
Referring to Fig. 3, 1 still lies in the '-plane,
but T now specifies the location of the source at In many experimental arrangements the cross
-Dr. Varying f values now correspond to projec- product term can be neglectd. To motivate this
tions whicui scan the field in the angular variables, approximation, we note that the extra term .x /D

is relatively small if the source distance D
The projections are given by is larqe compared to the distances Ix.1 or 1!1.

In a practical arrangement the source would be

p(,) f( + '')di' , (4) outside of the volume to be reconstructed, so the

f values 1,' and x' ! would he sialler than ). The
contribution of the cross prod ct to the function

where the direction of the ray is qiven by -is only of order 1"! [/D with respect to

* the contribution due to the vector x -', this
+ D (5) follows from noting that the cross 'product is

(5). orthogonal to ;T and !, which allows .'for this
"v +case to be written as

470



= - ' + ] x 1 2/D2U'/ One obvious choice for w(m,n) is simply unity for
" Tall m and n. In this case the convolving function

in Eq. (9) is
This function is singular at 1= . as suggested by
looking at only the first termabove; the added I
cross proJuct term does not alter the position of p(m,n) = - - 2 3/2
the singularity. When the cross product term is A [m +n
neglected as an approximation, then the P for this (10a)
3-D divergent ray solution becomes identical to
that of the 3-D parallel ray case; it can then be
implemented fairly easily.

where for simplicity both quantization lengths
Discrete Versions of the 3-D Solutions - The At and At have been assumed identical:
previous discussion applies when there is a xy Z

continuum of sensors located around the region A = Atxy = Atz
to be reconstructed, and when there is only a
finite number of sensors and measurements per The exact value of 0(O,O) must be determined numeri-
sensor. Assume that there are N sensgrs with cally, using Eq. (9); it can be shown through use of
location as given by the unit vector T.=(00,.), the Euler-Maclaurin summation formula to be approxi-
where the N angle pairs have some arbitrar4 mately given by
distribution over the solid angle sphere. A 12
discrete form of the backproject integral, the w(0,0) i + 2 d(3) / A (lOb)
(0,f) integrations, is straight-forward to develop;
it involves an appropriate weighted sum over the N with c(') being the Riemann-Zeta function.
sensor contributions.

The above convolving function is only one of
On the other hand the discretized version of several possible ones that could be developed. Any

the convolving function P appearing in the inner discrete, well-behaved crnvolving function for this
integrals requires more careful treatment, due to problem has the property that it involves a band-
the singularity. To derive the result, we note limiting approximation. In other words, a
that the exact convolving function is the result of reconstruction according to Eq. (3) or Eq. (6),
a limiting process. It can be shown [15] that the using the convolving function Eq. (10), is only
convolving function, (' is given by accurate out to spatial frequencies of order

(2 I;?ic 1 /A.

T (7) DEFECT DETERMINATION

Whether by solving the 3-D inverse problem
1 il , - > , using image reconstruction or by any other method,

I4T 413 the result is a 3-D matrix of values corresponding
TI to the observable being reconstructed, the density

in the present case. In searching for defects, all
the density values must be tested for deviationswhere n satisfies the equation away from "normality." There is, of course, not a

sharp division between normality and abnormality;

ffd 0, for all (8) the division depends upon the level of statistical
T error that can be tolerated in searching for the

defects.
In numerical approximations to ., the components
of t take on a set of discrete vilues. On a The simplest scheme for detecting the defects
cartesian grid (,has the form, for example, is to test each cell, or value of the 3-D matrix,

in isolation from the other cells. Each cell can
.w m, be examired in a binary hypothesis testing frame-

m2(m 2nA9 ) = n- -( / , for work where the measured density is tested forxy z - 2 2 2 2 3/2 belonging to one of two classes H : normal andxy z H : abnormal. A simple Bayesian, jinimax [17)

ml + In! 0 treshold may be set which distinguishes between) ml I nI(90) the two classes .

00,0) 1: c'(mi nAQ The meaning of this test for the case of a
m0,01 y z defect consisting of a void in the material ismn sketched in Fig. 4. Here any density value greater

than the indicated threshold T is declared normal,m, + nl t 0 while any cell with density less than T is presumed

to correspond to a void in the material; the cell is
then declared abnormal. The density values for each

The coefficient,,(0,0) is determined in accordance hypothesis have a range as described by probability
with Eq. (8). distributions. It is important to note that the

two probability distributions invariably overlap
The coeffi( ients w(mn) are typically of order in a practical system. Given the threshold setting,

I and were discussed in connection with the analogous there is then a probability of detection corres-
2-D problem in [16]. To each choice of coefficients ponding to hypothesis H defect present, and a
w(m,n) corresponds a particular numerical inteqration probability of false I1rm P orresponiinq to
procedure for the integral representation of f(). " o
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the hypothesis H : cell normal, but with a defect However, this one-dimensional volume (weighted
nevertheless decared . or unweighted) measure may not be enough, for some

applications, to fully categorize the acceptability
obbIIt, of the material. There are other multidimensional

measures that take into account not only the size,
but also the shape and distribution of the intensi-
ties. These measures are also invariant
under rotation, translation and change in contrast
[19]. These n-measures can then be tested [20]
under the same H H hypotheses with the exception
that the decisioRsuface is then multidimensional.
The number of dimensions that can be analyzed
depends on how many statistical samples can be
gathered prior to testing. The advantages to be
gained from a multidimensional hypothesis testing

L is that, in the limit, one can use all the informa-
r "o tion embodied in the reconstructed image intensities.

fig. 4 
T
Iensity Distributions for the two Hypotheses CONCLUSION
HO normal and H1 : abnormal0 :The 

main purpose of this paper was to describe
Depending on the resolution of the 3-D image two direct 3-D ima reconstruction algorithms

that is actually achieved, the effect of a defect involving a corvolve-and-backproject approach.
on the density wili le somewhat reduted by an One of these, the 3-D divergent ray reconstruction
average over the cell volume. It will often be algorithm, could be useful in radiographic NDE, in
the case that the above test for an isolated cell that it is amenable to a real-time implementation.
does not then quite result in a threshold crossing
for the outright classification as abnormal. Such In addition, the statistical aspects of
cells must be evaluated in the context of the acceptance-rejection criteria were described.
neighboring cell values. A number of classifica- Several possible tests for defects were presented.
tion procedures can be developed to treat this
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SUMMARY DISCUSSION
(R. V. Denton)

Norman Bleistein (Denver Applied Analytics): I would like to make a suggestion as to
why that cross product doesn't matter that much. If you look back in Fourier
space, you're merely using high-frequency data. The point is, for high-frequency
data the stationary phase contribution is the region where X and L are parallel.
But that part vanishes due to the cross product.

R. Denton: I tend to agree with that.
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PROGRLSS ON A MATHEMATICAL INVERSITN TECHNInUE
FOR NON-DESTRUCTIVE EVALUATION

N4. Bleistein and J. K. Cohen
ne,;vrr Applied Analytics
O env?-, Colorado 80222

ABSTRACT

Last y'ear, coelputer output was presented for synthetic pulse-echo data which was processed according
to a mathemlatical imaqinq technique. This technique was based on the physical optics farfield inverse
scatterinn (acronymi, POFFIS) formalism for scatterinQ by volume defects. This year, a number of theoret-
ical advances have been mtade in the POFFIS forvialism, with attendant revisions i.n the computer aiqoritin

Firstly. a revised PIFFIV formalism was developed in which the surface of the scatterer is directly
related to the scattering data. In this forilalism, aperture limited scattering data yields an image of a
corresponding aperture of the scatterino suirface of the defect. Secondly, this formalism will also yield
an imnage of the scattering surface of a crack. Thirdly, for true ampl itude data, the impedance or- reflec -
tion coefficient may be read directly fromi the coml~puter- Output. Related to this last result was the
elimination of an "imafie fading" phenomenon at certain critical antiles. Fourthly. the computer algjorithm.
which was originally designed to pr-ocess, data for a sphericallY sytlltric 'trailer hitch", was modified
(and tested) to process data when the radnge to the center- of the coordinate systeml was different at each
observation angle. Fifthly, the algonithi was modified (and tested) to process data when the averagie
propagiation speed varied with angle.

Implementation on a real data set is discussed.

I NTRODUICTION scatter, this does yield the domi nant ccontr ibut ion
in) the case of elastic wave catter-ino. a,, well.

A majior- objectivye of ourv present revseavrchI in The scattered sinals in the hos t (titan lot'.) wed -
this pr-ogirai is, tot develop a tic h i quo for, gener-a- i um are represented by a K irchhof f iot egr-a 1ovtw
tno imagies of flaws ins ide the titanium1 "traileor- the surface of the flaw of the values, of tite scat -

hitch" sai'iples, describeid by Tittmann. etal . [11 tered field and its norinal derivative. In the hitih
fromt pul se-echo or bac kscattor data. T he ma tbheviat - frenuency 1 imli t, these surface values, are appr-os
ical basis, of tire miethod used for geinerating these ii'ately proportional to the values Of the incident
imagles is called the Physical Optics Far Field (pr-obe) field and its nor-mal derivative. the con-
I nverse tcattei ngf ident it y - to be refeirredl to hp- stant of proportionality being (Pl us or- t'itltus tieV
low by the acronymt POiFFI . reflection coefficient. These physical Optics

a Oprtoima t ills arev of ten ciredited to K i ichhoff
A% is jii'plit'd hty the tool1 ''phical optics'. (Recoeit esxtetnsions of the physical optics or 0i tyi-

th is is a hiqh freottercy itetliol wi lith ti in hoff appronxitiat itis to tile elastodynati'ti case hy
traC theP teafll n thit the lirodlo t ( a ) ttf a t voira I Achenbac , etal1. [41 make tile extentsiton tof the elt-

wave ltiittber (0) aiti typical t-athitjs tof the fli1w (a) tirel theory to the elastic case (bite imm(1inenti
rangies betweent I andtt , itwevet- inl tflie tiil it at ioi
below, the t-rle was 1.:, tot 1. The futidattiental POFFIS identitfy was, tht'v'lti'e

by lioiarski F 51 and was stuhieguentl1 repf itnd hv ii'
The ten' fa, fielti' means that for, tii' it,- prese-nt aurthos and others 16, 7, ii. (). 10, 11. 1'

Illet'ertttiont the '.i,'v of tit' iltw tot he ii'tlt'tt't is 13., 14 , Itt] . This itlen-tity i-elates the Itttjtier,
st',ill t tlareil to tile distance frttti tilt f law tot ti-ansfoiti of the chat-artot- t it tug t itn (tf fte

the tit er, 'uf-fate of thie test ott let t. stat tet int doil in to thit pha1150 and r-ange ilt i t 11i :t'l
backscattered field. The citaaterist iln font t tot

Pd'eltt'tt Vtt it allIy, i t sholtId tie nte" thtt ti' tf the ofi fil L tte-ritno dito aitt is, equal tot uii v ill that
atuthor-, htave dtevelopedt ma thttat it a 1 nvvl tt, 1 ',, fttt lipil in itttl ?ent Out 5 tht. Titus, kniwlo'ilt' (if t Iii'

the tast of ittn-loar-f i'll dta [2 ,I and fot- non-f-- font tti is, sIff i( ittt toi ct-pt' ani itiate (If tilt

tins titi', iTe',ln e t lot l eniii'it, htn iit e f ti 1 tot loteti inyet',itt wodlt tq Ii' tlt o st oYo1.1;

tita the ith ratte as i .l tittvt- it tto to and ,tl Itl thieti l i-ilol'hvt totwt
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ies of papers [13, 14, 151. The basis of the tech- the sinqular fur tion v ,, this function is de-
nique was to apply Fourier inversion to yield a fined by
directional derivative of the characteristic func-
tion itself. The directional derivative is the ,(xs. u, vW) - (s) (I)
product of a direction cosine and a Dirac delta
function which peaks or the boundary of the scat- where ' denotes the IiraL delta function. Alter-
tering domain. In the above cited references it natively, if the surfiae is described by :(x) 0,
was shown that in two and three dimensions, the then
delta function behaves asymptotically (for hiqh ..xi (:(x)) . (2)
frequency) just like its one dimensional analog,
namely, like a difference of "sioc" functions which These two definitions (an be shown to be equiv-
peak at the peak of the delta function. alent. In particular, the gradient factor in the

second definition assures that the line inteoral of
A computer program implementing these ideas the singular function through the surface is equal

was developed last year [16] and tested extensively to unity.
on synthetic data. However, two disadvantages of
this method remained to be overcome. Firstly, the The fourier transforI of , is defined as
direction cosine mentioned above is zero when the
directional derivative is tangent to the (unknown) N(k) d'x N(x) expf-i k - x) i3)
scattering surface. This leads to 'image fadinq"
in certain directions. Secondly, even when this is By exploiting the sinoular nature of , this inte-
not the case, one must correct for this direction gral can be rewritten as a surface integral
cosine in a post-processinq step in order to esti-
mate the impedance coefficient across the surface y(k) dS exp{-i k • x1 (4)
of the flaw. In practice, this step proved to be
the least accurate of the ioplementation. S

largely by these shortcomigs, a In practice, can only be observed in some bandMotivated laql yteesotoiqa limited range of the values of the magnitude elo

computer algorithm was developed during this past te vecto Th the olowing ninis in

year with an entirely new theoretical basis. In the vector k. Thus, the following function 1, in-

this revised formulation, the phase and ranoe nor- troduced:

realized far field scattering amplitude is shown to
be proportional to the Fourier transform of the ))(k) ..5k

singular function of the scattering surface. The )! t ews

singular function is defined to be a Dirac delta 1 0 otherwise

function which peaks on the scattering surface, with k, the handlimits of interest.
Thus, knowledge of this function provides a means
of imaging the scattering surface, with no "image The POFFIS identity for the sinqular functie.
fading". Furthermore, as we shall show below, the of the scatterinn surface is as follows:
impedance coefficient can be estimated in a
straightforward manner from the output of the coe- R (k) 8r i r --I u (r, .. ) exp{-2i . r/c}
puter program. s

Another major advance of this new result is k- _ k k(6)

that the scattering surface need no longer be the The quantities in this expression are described in
closed boundary of an inclusion, but could be an the quniiin is ri
open surface, i.e., a crack. the following list:

Mathematically, the singular function may he R reflection coefficient.

defined in one of the following ways. Firstly, r range to the region of the scattering sur-
given a surface, S. let us introduce surface coor- face.
dinates u, v on S and a third coordinate s normal frequency in radians/second.
to S. as shown in Fig. 1. Then we denote positions
in three-space by x (x i , x:,, x1) and we denote us  backscattered impulse response.

c speed of propagation in the host medium
(in this case, the titanium ball).

The value of k is (liven by

k 1 / /c . (7)

while the direction, k. ig given by

rsnn . (

S Here r i, the direct ion of t hi selr ,- re( elv et
r r r . This result is derived if, f,] bv th,
authors.,

When no;ervatinn', of the bal 5after ate ,,,
Fig. 1 in ill directions r , then tnuri r invtr,.let Im , (
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produces a three dirensional "sine" function, i.e.. of the scattering urface and of less than 1W in
the band limited 'ingular function. This function the estimation of the reflection coefficient. For
peaks on the scattering surface. 11hen observations these tests, ka 7.
are maue over some limited range of aspect angles,
then Fourier inversion of (6) produces the hand This extension should he viewed as i t iporarv
limited singular function in the region where the measure to allow us to process the experimental
normal to the surface S is in the ranqe of back- data to be described below. The present experi-
scatter directions of observation. Outside of this miental procedure requires a separate set of 'con-
range of directions, the inversion produces a tan- trol" experiments to estimate c(r) and r(r). In
oential continuation of the aspect-angle-Ifimited cooperation with the experimentalists at Roc we l1,
surface. If the scattering surface has an edge and two alternative procedures have been proposed. In
the normal to the edge is within the range of both procedures, wider band (including low fre-
observation directions, then the Fourier inversion quency) experiments will be nerformed at earn
will reproduce the edw- "sharply". Both theoret- observation anqle. In each procedure, the gain of
ical support and computer demonstration of these performino a single wideband experiment in each
results can be found in the above cited references direction of observation is counterbalanced by a
or in [17]. loss of precision (on the order of 200-600 microns)

in the absolute location of the flaw. This is
In particular, we state the followinn result viewed as a small loss and hence a worthwhile

from [2] on the asymptotic inversion of (6). tradeoff. Since both of these procedures are con-
k+ ,jectural and tentative and it is unclear which (if

R(l-x',eis)-i/.'(l-: :s) -i / ." sin lks I either) will ultimately be implemented, they will
S k riot be described at this time.

# 0 (9) APPLICATION TO REAL DATA

R(k+ - k_)!7, s = 0
We turn now to a description of the com1:1puter

Here, s is the coordinate shown in Fig. l 1 and implementation of the Fourier inversion of (6) as
are the principle curvatures at the point on S applied to a real data set on a trailer hitch sar-

back along the normal to S from x;, and ', are ple. The computer alorith performs the three
equal to .1 according to whether (+1I or not (-l) dimensional inversion in polar coordinates, inte-
x is on the same side )f S as the center of curva- qratinq in k = k! and over the angIles of observa-
ture associated with ., • tion k. The algorithm is desinned to discreti:'e

the unit sphere over t latitudes and ?L Iong itude ,
One can verify from (9) that asyptotically for ?L- data points in all. In the expericents

R, (x) peaks at s = 0. i.e., on the scattering sur- performed, L = 7. so that there are q8 directions
fare- Furthermore, multiplication of the peak over the entire sphere or about 12 observations
value by , and division by the bandwidth provides required per octant. In fact, data was gathered in
an estimate of the reflection coefficient and, only 3) directions, 5 latitudes and 6 lonoitUdes.
hence, a means of classifying the material inside
the flaw (with void a special case of inclusion),. The alqorithm requires, at present, an accu-

rate recordinq of "zero time" for each experiment.
COMPUTER IMPLEMENTATION This is defined to he the tine when the peak of the

pulse entires the trailer hitch fro the trans-
Our original computer implimentation was based ducer. It was assumed that for each of the 30

on the assumption of a homogeneous, spherical backscattered records, the zero tine preceded the
"trailer hitch" test object. Precision experiments turn-on time of the record by the same amount.
carried out by experimentalists at Rockwell (B.
Tittmann, J. Martin and R.K. Elsley) made it appar- To find this zero time (once and for all for
ent that these were unreasonable assumptions. The this transducer) a separate experiment was per-
asphericity of the test objects proved to be on the formed on a cylindrical sample. The first two re-
order of 200 microns. The velocity variations are flections otf the flat surface to a transducer on
on the order of 100 mi/s. Each of these leads to the opposite flat surface were recorded. Observini
ranging variations on the order of 400 microns. the time between peaks and measuring back from the
Since we are seeking to image flaws with radial first peak an equal time provided our estimate of
values ranging from 100-600 microns, these are zero time.
clearly unacceptable errors.

A second trailer hitch with a known spherical
To overcome these difficulties, two extensions void was used to estimate the speed varia'ions

of the basic computer algorithm were required, c(r). In fact, the speed was assumed to he a func-
namely, that both r and c in (6) were allowed to be tion of latitude alone and only five experiments
functions of r . The assumption r = r(r) is im- were performed. Implicit in this means of findinn
plicit in (6) and thus this extension required only speeds is the assumption that this lateral-only
a revision of the comptter algorithm. Accormoda- variation is similar frow' one trailer hit(h to
tion of c - c(r) is somewhat more ad hoc in that another. Furthermore, it was assumed that the
(i) this is not, in fact, a true model of the trailer hitches were in fact spherical and the
inhomogeneous host medium and (ii) in a rigorous spherical void of the control object was indeed a
theory, this would change the dispersion relation well-centered sphere. Thus, all the burden of
(7) and make the identity (6) invalid. Nonethe- annular variations of the variahles in (6) as well
less, the assumptior c = c(r) was also incorporated as all the possible inaccuracies of the control
into the algorithm with (7) assumed valid under were imposed on the five values of the speed r.
this assumption. Synthetic tests were performed The values calculated are given in Table I, as a
and showed errors of less than 5 in the location function of polar angle
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. 2!

Table I PHYSICAL OPT I CS _INVERS I ON_ NOT I -N FAR_ FI ELD

-- ......... When it is not assumed that the scattering
0 c surface(s) is in the far field, the following inte-

qral equation may he derived for the singular func-

31.0 6032.9 tion.

55.15 6086.2 iwR Y (x)exp{2i 1x-r!/c)

73.40 6133.6 Us (r,w) - 8R ..... xp(2 r- . . dV . (10)

90.0 6147.3

106.60 6106.4 Remarkably, this inteqral equation has an analyt-
ical inversion, namely,

One further experiment was performed in which R (k) - -2i c
2 

k3 - U(k_, k2, "-I
the signal from the transducer was introduced into -(

a hemispherical sample. The reflection from the
flat surface was used as a reference source for the Here (u ) denotes a transverse spatial transform of
purpose of deconvolution of the experimental re- the observed data and the dispersion relation is

cords to provide the equivalent impulse response. k3 = sgn k (1?)

1 2

This result was derived in the context of the seis-
mic inversion problem under the assumption that the
backscattered data is observed on a flat (r3 

=

const.) surface. It is clearly equally applicable
to the non-destructive testinn problem with sim-
ilar qeometry in the case where the far field
approximation is invalid.

While (10) is a Fredholm inteqral equation of
the first kind, the inteoral operator is non-com-
pact and the inversion of the integral equation is

well conditioned. The asymptotic solution (11)
shows a division by ); the exact solution contains
only one other term with a division by w2. How-
ever, in three dimensions these factors are con-
terbalanced by a factor of W2 = c

2
(k2 + k + k,)

in the volume element of the Fourier!inversion.

Thus, perturbations of the data near = 0 cause no
excessive perturbations of the solution. Further-
more, the differentiation , is equivalent to the
Fourier transform of the data multiplied by t.

Fig. 2 Thus, for an appropriate class of data (e.g., ex-
periments which are turned off after a finite time)
this differentiation causes no ill-conditioninq.

The result of processing the data is shown in Finally, in real world problems, there is always an
the perspective plot, Fig. 2. The output depicts upperbound on the frequency ranqe of the observa-

slightly more than an octant of a flaw which is tions. In this case, perturbations of the data
oblate and not symmetric with respect to the ver- which are too small (e.q., on the order of a half-

tical axis. In fact, the flaw is known to be an wave-lenqth or less at maximum frequency) will pro-

oblate spheroid with diameters 400 om by 800 om. duce too small (e.q., zero) a perturbation in the
For such a body, tabulation in polar angle of r as solution. This is not ill-conditioninq, in which

a function of ) may be carried out. In particular, small chanqes in the data produce unacceptably

the value of r at 31' is 223 Im. The output of the large chanqes in the solution, but is merely a
experiment was 210 Pm at the first three azimuthal demonstration of the uncertainty principle. Thus,

angles and 240 om at the next three. At the equa- for all practical purposes, the inversion (11, 1?)

tor, the values were 270, 300, 300, 345, 360, or (10) is well-conditioned. It is our experience

390 wm with varying azimuth. While the latter that this is generally true of this class of lin-

values are extremely good the first three are some- earized inverse oroblems.

what less satisfactory. It should be noted, how-
ever, that near the equator, 1.2 ka , 3.6, with ACKNO0'4LEDGEMENTS
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SUMMARY DISCUSSION
(N. Bleistein)

Unidentified Speaker, Just a quick question. You made a comment in your talk havinc"
to do with the am,)unt of calculations you can do and the amount of nuiner-natoh-.,
arithmetic, you c.n do. You said that the more number-matchinr ynu do, the wcrs,
the result gets.

Norm Bleistein; What 1 was saying is that if I have to correct to the cosine factor
after the fact -- you know, it's like post-processing arithmetic where I got to
use three pieces of data to know where the normal to the surface is, but I got
to take -- I have to correct for directional derivatives with the normal. It's
not a nice kind of calculation to do, and I would prefer not to do it. It turns
out that now, because of the extra (inaudible) 1 don't have to do it at all.
That cosine factor is no longer in the problem. It's just eliminating a post-
processing problem. It has nothing to do with the direct number punching,. Th,
method you quoted is really a Fourier type integration, extremely stable. 'ht, r
was noise in this data. The line along the equator, every set of' data points
along the equator was noisy because that's where these pieces of fusion bcnd.i,
and you could see both in the time record and in the Fourier transform reccord.
The Fourier transform of the signal along the equator, 10, 15 percent noisier.
Really jumped. In fact, that showed up in one of Bernie's pictures yesterday
well V inaudible) did not mess up the method at all, and it's really what we exl. I
bcause we're doing integration. We never do differentiations; we never do
divisions.

Unidentified Speaker: For the sake of the trailer hitch, what kind of accuracy did
you require on your velocity data?

Norm Bleistein: I will give you some numbers for that. Every seven meters per secord
makes an error of 30 microns. All right? But now what I'm saying is: by using
low-frequency measurements, we can make that be an error in absolute location
rather than an error in the size of the flaw. That's what I really expect we're
going to have. That's also what our preliminary analysis shows. And Dick remindcd
me of that yesterday, and Jim mentioned it the other day, and I'm dense, and it
finally got through, So, that's the point. In other words, how you want to set
errors in the velocity. And you will likely make errors on the order of 200
microns of the absolute locality of the flaw, but the errors on the order of'
)0 microns in the size of the flaw. All the processing for all those 30 lines,
ten seconds on a CDC 6600, less than ten seconds on a ciber 7t to do that
processing.

David Lee (Applied Mechanical Res. Lab-WIAFB): You seem to be coming perilously close
in this last point to saying something which I'm sure you're not saying, i.e.,
that Fourier inversion is a boundary operation.

Norm Bleistein: If I look at Fourier integrals (inaudible) Fourier integral units,
plus or minus (inaudible) therefore, that's not an ill-posed problem doing
Foiri er inversion. Fourier discretization gives you all the eigen values on the
same circle, all right? I do not use a stiff matrix. If you discretize the
Fourier transform, the one integral inverse problems are not exact operators wil.
integrals bounded away from zero. If you discretize incorrectly, you make a whole
column of zeroes in the matrices' discretization, and that's what people reg.ularly
do. If you discretize properly, you can bound the integrals away from zero to
discrete problems, which is only just because a continuous problem has no values.
When you do that the dumbest kind of inversion works.

David Lee: That seems very strange because I think it exhibits functions everywher,
different wherever you please.

Norm Bleisteint That's because what you're deing, you can always do that when you
take the perturbation of the function, irtekral perturbation, to be less oe
over delta K where within the scal, --

David Lee: Uh, sure.

Norm Bleistein: I can't do it.

David lee: Ckay, fine.

Norm Bleistein: If' you ask me i d theft.
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N. Bleistein (continued discussion)

David Lees The last contradicts what you're saying and what the 'acts are.

Gordon Kino (Stanford University): I think you can't get super resolution unless
you --

Norm Bleisteint That's right. Delta K times delta X is a half or something like

that.

Gordon Kino: If you try to overdo it, you're in trouble.

Norm Bleisteina We all agree on that.
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APPLICATION OF ADAPTIVE LEARNING NETWORKS FOR THE CHARACTERIZATION OF
TWO-DIMENSIONAL AND THREE-DIMENSIONAL DEFECTS IN SOLIDS

M. F. Whalen
L. J. O'Brien

A. N. Mucciardi

Adaptronics, Inc.

McLean, Virginia 22102

ABSTRACT

The objective of the work was to develop an ultrasonic inversion procedure which (1) discriminates,
(2) sizes, and (3) determines the orientation of two-dimensional (crack-like) and three-dimensional
(void-like) defects in materials. Adaptive learning networks (ALN's) were used to estimate directly the
defect size and orientation parameters from the spectrum of the echo transient. A 19-element hexagonal
synthetic array measured the scattered field within a 60-degree solid angle aperture. The ALN's were
trained on theoretically generated spectral data where the crack forward scattering model was based on
the Geometrical Diffraction Theory and the void model was based on the exact Scattering Matrix Theory.
The theoretically trained models were evaluated on both theoretical and experimental data. Excellent
results were obtained, and the errors for size and orientation estimates were, in general, less than
10%.

The significance of this work is that: (1) the ALN approach to defect characteristics provides a
systematic procedure for discovering relationships in the data which could otherwise be overlooked, and
(2) significant economic benefits can be gained by simulating difficult-to-produce defect reflector
scenarios. Furthermore, a result of this work has been the development cf an algorithm which can ulti-
mately be applied in field and industrial use.

SUMMARY OF RESULTS, CONCLUSIONS, The parameter easiest to estimate for both
AND RECOMMENDATIONS spheroids and cracks was the azimuthal orientation

angle (respectively, i and ;V). Eoth theoretical
Table 1 presents the relative errors for the and experimental errors were less than 5%. The

nine ALN models developed in this study and eval- final ALN's were dependent mainly on the total
uated on both theoretical and experimental data. power distribution in the array.
Models I through 4 were trained to estimate the
four parameters of the 3-dimensional spheroid The polar defect angle (i and C) also de-
models; 5 through 8 were trained to estimate the pended mainly on the distribution of power for
four parameters of the 2-dimensional crack; Model both defect types. The theoretical errors of 5%
9 was trained to discriminate between the spheroid for spheroids and 4% for cracks is excellent when
and crack and, thus, to act as a selector for the one considers that the array elements were 30

<

appropriate size model. apart. The experimental errors for these networks
were also very low as indicated in Table 1.

Table 1. ALN Model Results Summary The size parameters for spheroids depended
mainly on shifts in the low-frequency energy. The

Th-t-1 Ee-. 1 first spectral moment and the relative energy in
, Modal .. the low-frequency band (1-2 MHz) were selected for

E" M Er- k%) both A and B. Features of the characteristic
S pM.od A 6 23 function IY(r)I, also selected for A, are sensi-
Sp .,o d 5 5 tive to low frequency spectral shifts. The size

4 parameters for cracks were mainly dependent on

S - o k 15 10 ripple period type features.

The larger size parameter (B and P-) was
Cr80 .estimated with theoretical errors of 8% for

2 - spheroids and 14% for cracks. For both defect
iiso-dnrc I types, the smaller defect dimension (A and A')

yielded the largest error when evaluated on exper-
imental data. However, note in Table I that the
theoretical error for sphercids is only 9%. This

The symbols A, R, i, and are the size and means that the variation in the experimental
orientation parameters for oblate spheroid de- spheroid data was the probable cause of the high
fects, and A', B, a', and V" are the size and error. In the case of cracks, the error in the
orientation parameters for elliptical cracks. A minor axis was eje to the poor resolution of the
separate ALN model was trained for each param- ripple period for small cracks. This resolution
eter. Model 9 was the network trained to discrim- could he increased by using a maximum entrypy
inate crack-type defects from spheroidal defects. technique for measuring the ripple period.
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The variation inherent in the experimental CONCLUSIONS
data is shown in Fig. 1. TFose waveforms were
recorded in the pulse-echo idel at eight differ- * Adaptive learning network models provide an
ent azimuthal locations frvt a 200 am by 400 om accurate and practical means for inverting
oblate spheroid defect, but the polar angle scattered data from defect reflectors when
between tonsducer and defect axis remained con- the ALN's are trained on theoretical data and
stant a W0 Hence, all waveforms should be evaluated on experimental data. This ap-
identic, Note, however, that differences in proach allows spectral features to be com-
peak amplitudes vary up to 4.7 dR. Also, the bined in an optimum fashion.
waveforms taken at ( 0, 45 and 900 have quite
different shapes compared to the others. These * The defect orientation for both cracks and
variations could be caused by: (1) anisotropies in spheroids can be determined primarily from
the host metal; (2) undesirable reflections from the distribution of total power in the
the diffusion bond plane; (3) uneven coupling; or 19-element hexagonal array.
(4) beam-steering due to polarized grains. Un-
doubtedly, these contributed to the error in the A significant factor in estimating the size
ALN size and orientation estimates, such as the of spheroidal defects is the percentage of
23% error for A in Table 1. This experimental energy in the low-frequency (long wavelength)
variation leads to an "irreducible error" source region. The size parameters for cracks can
because it provides a lower bound to the modeling best be found from.the spectral ripple
error. This lower bound is not known at present period.
hut, as seen in Fig. 1, it is certainly not zero.

The SMM (T-Matrix) Theory for spheroids pro-
The ALN trained to discriminate cracks from vides a reasonably good match to experimental

spheroids yielded 100% discrimination accuracy data, especially in the long wavelength
when evaluated on theoretical data. The experi- regime and in the total power distribution.
mental error was 11% when evaluated on the nine
spheroid experiments. Unfortunately, no experi The Geometrical Diffraction Theory provided
mental pulse-echo crack data were available to very good agreement with experimental data
process through this network. for ka less than 10. Above this range, the

4.2.3

Fig. I Experimental pulse-echo responses from a 200 by 400 micron oblate
spheroid showing the variance in the data. All experimental wave-
forms should be identical. The defect axis of symmetry is normal
to the page. The transducers are located on the outer ring (u=601).
(db values are derived from mean peak-to-peak levels.)
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spectra ipple period still provided a good
match, ut the spectral amplitude underwent
considerable attenuation for the experimental uO DEFcT
data, not observed in the theory. In this
report, a method was devised for correcting
the experimental data for this attenuation.

(cnmc[) (JIY KTD)

Deconvolution, which is 
inherently an un-

stable numerical process at the band limits,
can be stabilized considerably by adding a
complex quantity called the "epsilon factor"
to the reference signal before performing the
deconvolut ion.

RECOMMENDATIONS 
N I. u

The following recommendations are suggested
for future work:

e Investigate prolate spheroids in a manner N .I0NO

similar to the work performed for oblate EsPI ,.m
spheroids. This should include a comparison
of theory and experiment, development of an
inversion procedure, and development of a
discrimination logic between oblate and pro- Fig. 2 Decision logic for characterization of
late spheroids. two- and three-dimensional defects.

Formulation of inversion procedure for semi- that the scattered field from many defect geom-
elliptical cracks growing from a free sur- etries can he produced quickly and at a fraction
face. This analysis could be directly applied of the cost of what is required to fabricate phys-
to many practical and timely problems. ical defect calibration specimens. The theoreti-
Examples of free-surface cracks are inter- cal data have the added advantage of being noise-
granular stress corrosion cracks in stainless free. Ultimately, as the theories become more
steel pipe welds, thermal fatigue cracks in sophisticated, mimicking complicated defect
nozzle forgings, and fatigue cracks under shapes, surface roughness, and defects in the
fasteners. vicinity of geometrical reflectors, data bases for

field and industrial use can he generated entirely
Retrain the crack inversion model, including in a computer. This data base can always be aug-
the third orientation angle, Y. This angle mented with experimental data as they beccme
was assumed to be 90' in the present work. available.
Y is the spin around the major axis.

A number of investigators have contributed in
Process data from irregular-shaped compound the development and evaluation of the ALN inver-
void samples through the existing ALN inver- sion models, as illustrated in Fig. 3. The for-
sion logic. This would serve as a further ward scattering theory for spheroidal defects was
evaluation of the present algorithm, provided by V. Varadan; the elliptical crack

theory was developed by J. Achenbach; P. Tittmann
INTRODUCTION and P. E1sley collected the experimental void

data; and L. Adler provided the experimental crack
AdaptrQnics became a contributor to the data. Technical advice was also offered by

Interdisciplinary Program for Quantitative Flaw J. Pose, F. Domany, and 11. VcMaken.
Definition in 1976 after the Second Year Effort.
During the first two years, adaptive learning net- THREE-DIMENSIONAL DEFECT
works were successfully applied to the inversion CHARACTERIZATION
of spheroidal defects. The network models were
trained directly from theoretical spectral fea- DEFECT GEOMETPY
tures and evaluated in a blind test on experimen-
tally recorded defect samples. This past year's Fig. 4 shows the characteristic size param-
effort has been devoted to classifying and charac- eters (A and R) and characteristic orientation
terizing both three-dimensional (void-like) and parameters (u and i) for the oblate spheroid. The
two-dimensional (crack-like) defects as shown in objective is to estimate these four parameters
Fig. 2. A discrimination network first determines from the scattered energy field. The following
if the unknown defect is crack-like or void-like definitions apply:
in nature based on power spectral measurements
computed from the spatial array. The appropriate A - minor axis (along one dimension),
branch is then taken to estimate the defect size
and orientation parameters. In general, a differ- P - major axis (alon, two dimensions),
ent set of spectral features .is needed to estimate
each parameter. U - polar orientation: angle between positive

Z-axis and symmetry axis; and
As in the previous two-year effort, the ALN

models were trained on theoretical data and eval- o - azimuthal orientation: angle between positive
uated on experimental data. The advantage of X-axis and projection of the symmetry axis on
training the ALN models with theoretical data is the X-Y plane.
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The choice for using oblate spheroids for the
three-dimensional defect model was motivated by

- -, , - two factors:

m .,"' T" A; (1) many naturally occurring material defects can

he approximated by oblate spheroids; and,

i.(2) the forward scattering theory for this con-
--- O VW s_ figuration was readily available.

_ _ _THEORETICAL SPHEROID DATA BASE

A total of 240 theoretical oblate spheroid
experiments were generated with the Scattering.

AU 'EL Matrix Method (SMM) forward-scattering model.
"

The SM theory, developed by V. Varadan, produced
the complex scattered field for both longitudinal

E.-11ML4T and transverse waves given the defect geometry,
:-', ,, : host material elastic constants, transducer loca-

tion, and frequency of the incident wave. Compar-
ison of SMM generated power spectra with experi-

__ _ _ _mentally obtained oblate spheroid spectra has
shown favorable similarity between the two (see

• UT below, "Comparison of Theoretical and Experimental
Waveforms").

Each hypothetical experiment consisted of
generating the complex power spectrum at 19 pulse-
echo spatial positions covering a 60' solid angle

' .o,,., aperture. The 19 transducer positions are defined

below. The frequency range of the theoretically
generated spectrum was 1.0-8.8 MVz in increments
of 0.39 MI1z which corresponds to a ka range of

Fig. 3 Project overview, approximately 0.30 to 4.4.* So, information in
the long and medium wavelength regimes was
represented.

The elastic constants of the host material
were:

S= .965 . 1012 dynes/cm
2
.

.406 - 103
2 

dynes/cm
2

SYMMETRY p = 4.42 gm/cm3

A-XI S/ where A and v are the Lame' parameters and p is
the material density. These parameters convert to
longitudinal and transverse wave velocities of

VX = 6.34 x 10 cm/sec
= = 3.03 - 105 cm/sec

which represent the velocities in the Ti-6A1-4V
experimental titanium alloy samples.

Six defect sizes, each at 40 orientations
Y (6 x 40 = 240 experiments) were represented in the

theoretical data base. The smallest size was
50 Pm by 300 Pm, and the largest was 300 Pm by
500 Pm. Ten polar orientations and four azimuthal
orientations were generated. Table 2 shows the
theoretical data base sizes and orientations along
with the specific ka ranges of each defect.

Only LL scattering was considered in the

present work.

TRANSDUCER ARRAY GEOMETRY

A 19-element hexagonal array was used to mea-
Fig. 4 Oblate spheroid coordinate geometry. sure the scattered field. This array is illus-

2w"ka" is the product of the wave number (-) wavelength) and the defect radius (a).
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Table 2. Spheroidal Defect Sizes And
Orientations Represented By
The Theoretically-Generated
Power Spectra

Scattering Data at 40 Orientations
Were Produced for Each Defect Size ) f

s fz4 ,f C1 1T l::. tA . / ,

so 50 n 3.297 2516s

50 .197 1 a16 I
I

S 200 O0 1.3% 3.491

5 loo Sao .0 6 6

6 ! 00 O . .61

5o6

10 -T-

io

-.9 is

:Ts61 :55

Fig. 5 19-Element hexagonal transducer array.

trated in Fig. 5. The transducer angular posi- The 19-element array was used both for zpher-
tions are defined in Table 3. This array is ad- oid and elliptical crack data generation. How-
vantageous since all elements are equi-spaced. ever, for generating theoretical spheroid data,
Thus, the scattered field is equally represented the transducers operated in the pulse-echo mode; a
at all points in the aperture. Also, the hexag- pitch-multiple-catch mode was employed for the
onal structure provides a maximum amount of cov- cracks.
erage for a minimum number of transducers.

[XPERIMENTAL SPHEROID DATA BASE

Table 3. Location Of Transducer Elements The experimental spheroid data were collected
by the Pockwell International Science Center

tRANSDUCER POLAR AZIMUrHAL (RISC). This data set consisted of nine exper-
ANGLE ANGLE iments recorded on two "trailer-hitch" diffusionNUMBER (DEGREES) 'DEGREES) bonded test samples with radii of

1 30 301 o 3 o 100 wn by 400 Pm; and
3 3 0 100o

30 010 200 um by 400 Pm.
5 30 2 06 0 330

6 3o I. A full description of the fabrication procedure
s 6 o and the sample geometry can be found in Ref. (2).

9 52 120
1o 52 160
1 52 24 0 Table 4 shows the sizes and defect orienta-
I2 52 300
1 3 o tion of the nine experiments. The spherical shape
. o 00 of the trailer-hitch samples allowed pulse-echo15 60 10
15 6o 21o data to be collected from a variety of orienta-
17 60 270 tions without changing the metal distance between
9 0 10 defect and transducer.
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Table 4. Sizes And Orientations Of e(f) is a complex function having constant magni-
The Nine Physically Recorded tude but whose phase is identical to that of
Spheroidal Defect Specimens R(f). Selection of the magnitude of E depends on

the signal-to-noise ratio of the input X(f). Typ-
WECT IMT ical values can range from five to twenty percent
SIM MIRMTAT1x of the peak value of IR(f)j. The phase of c was

UMEW 3 £ A made identical to that of the reference so as not
UW (ICM (C5-K (Rs05s) assm5) to change the phase of R(f). Since all quantities

1 0in Eq. (1) are complex, the result is also com-
plex. This allows the deconvolved spectrum to be

,cc am 30 M transformed back to the time domain if the defect

3 4 30 16 impulse response is desired.

1 0 4Figure 7 demonstrates the effect of adding
20 -W V IS the epsilon factor. Figure 7(a) shows the pulse-

echo response 320 off axis from a 200 um by 400 Pm
5 am 30 10 oblate spheroid. (This is one of the receiver
7 :x 30 Las responses from Experiment 9.) Figure 7(b) shows

the same waveform after deconvolving the reference
3 :v 40 30 n waveform when an epsilon of zero (1cl 0 0) was
3 :00 40 : ss used. Note the instability at the low-frequency

end of the spectrum. This instability has com-
pletely vanished in Fig. 7(c) where an epsilon of
0.1 (Jel 0.1) was used. In all nine experi-
ments, an epsilon of 0.1 was used.

Experiments 1 through 8 were conducted in
May 1978 using a 5 MHz center-frequency transducer
where the pulse-echo positions were those of t e al orq- sp-ur tNo Leconvautui

17-element array employed in last year's work. 1.0
Experiment 9 was conducted in May 1979 using a
7 MHz center-frequency transducer, and the 19-
element hexagonal array described above. Fig. 6
shows the frequency responses of the two trans-
ducers. Note the higher frequency response of the
transducer used in Experiment 9.

0 5 iO

S xp b) Deconvolved Sectru-n i 0

Inst. liTY at L, Fr-q'uenc,i"4 l"l du. I., Deronvolut ton w1t hout

Pt' 9.5 Ion F~c tr

-- 0 5 .0 15
-- "-5--.----- ----

FRE ' y, S ~C Deconvolved Spect-t ( )I

Fig. 6 Frequency responses of the two transducers
used to collect experimental spheroid data.

DECONVOLUTION

Deconvolution of ultrasonic waveforms is 5
necessary to remove the transducer response from re-quenot 't, n

the signal. Simple division of the defect power
spectrum by the reference spectrum frequently Fig. 7 Pulse-echo response from a 200 om' by
leads tn instabilities at both ends of the trans- 400 cm spheroid demonstrating the
ducer's bandwidth, effect of the epsilon factor (L) in

stabilizing the deconvolution process.
The complex deconvolved spectrum of Y(f) is

given by:
The deconvolution reference. R(f), for Exper-

Xrf iments I through 8 was obtained by pulsing a
Y(f) =(1) transducer on one side of the trailer hitch and

recording the pulse with a similar transducer on
the opposite side. R(f) for Experiment q was oh-

where X(f) is the complex spectrum of the defect, tained by recording the pulse-echo transient from
P(f) is the complex spectrum of the reference, and an R0 ,m spherical void, then dividing the exper-
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imental void spectrum by the theoretical void tion of a better deconvolution reference using the
spectrum. B. Tittmann of RISC has found this 800 wm sphere.
latter method to be1 uperior in determining the
reference waveform. Some of the better examples of power spectra,

phase spectra, and characteristic functions Y(r),
COMPARISON OF THEORETICAL have been selected from Experiments 1 through P
AND EXPERIMENTAL WAVEFORMS and are plotted in Figs. 8, 9 and 10 along with

the functions generated from the SSM theory.
A comparison between the theoretical scatter-

ing data (SMW theory) and the physically recorded Note in Fig. 8 that the power spectra, espe-
data (Experiments 1-9) has been made. Examples cially at 30" incidence, match the theory very
were found where theory and experiment matched well. Excellent examples of the phase spectra
very closely. On the other hand, there were many (Fig. 9) have also been found. However, there
cases where no similarities existed between the were many more cases of phase spectra which did
two data types. In general, there was much varia- not resemble the theory (not shown).
tion in the experimental measurements (particu-
larly in Experiments 1 through 8). These varia- The characteristic function shown in Fin. 10
tions could have been caused by (a) poor trans- is a function of distance (r). It has been shown
ducer coupling; (b) inhomogeneities in the test that for spherical defects the inflection point of
sample; (c) reflections from the diffusion bond the curie is a good approximation to the sphere
plane; and (d) electronic drift, to name a few. radius. The results shown in Fiq. I0 indicate

the characteristic function provides size and
The quality of the data in Experiment 9 was orientation inforriation relative to the defect.

superior to that in the other eight. Also, the Note in the figures how the inflection Point
power spectra in Experiment 9 matched the theory shifts to the right as the defect orientation is
quite well, as will be shown below. Several im- increased or the size is increased.
provements in data collection and processing have
been made in the last year which contributed to Fighteen of the nineteen power spectra from
this better quality data. These include (a) use Ixperiment q are shown in fig. 11. Some cases
of a higher frequency transducer; (b) use of a matched the theory very well. Just about all
better quality transducer shoe; and (c) determina- cases matched the theory in the long wavelength

regime.

- , Fig. 8 Power spectra scattering responses from

, a 100 om - 400 om and a 200 ,m - 400 urn'
ohlate spheroid void at various pulse-
echo receiver orientations. Comparison
of theory (T-matrix scattering) to
exper iment.

S
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4}I.



10 OM - 'a 00 o", 3 -200 #6A 40 o .A

Fig. 9 Phase spectra scattering responses frorr
.00 mm x 400 om and a 200 Pm x 400 Pm

oblate spheroid void at various pulse-
echo receiver orientations. Comparison

,--, Iof theory (T-matrix scattering) to
-, - experiment.

A, 0 L 0 A O . 40 *M

Nm

Fig. 10 y(r)-Transform scattering responses from
a 100 pm t.400 Pn and a 200 Pm x 400 Pm

oblate spheroid void at various pulse-
echo receiver orientations. Comparison
of theory to experiment.

4.89.. ' aL
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A statistical analysis was performed to determine

Theory -E) £xperiment t which of the 79 features yielded good agreement
between theory and experiment. It was necessary

w .to eliminate features in poor agreement so the ALN

synthesis procedure could select features informa-
tiVe and stible on both theoretical and experimen-

, -tal data. Six spectral features were selected for
/ ,~ "~'further processing. These are shown in Table 5.

,-..--, Table 5. The Six Candidate Spectral Features

.C-~ Selected For tBLN Training

/ ' , . / - , " . .. . " '" -

# ot Pi.r Se.as at
=  

Er.

SThe characteristic function, (r), was sug-
oids by Dr. Jim Rose (U. Michigan). It is defined

.. ..- e o .. . . , o .... . e aY r A (t ' og V q P . d. *2)Aas

2r

Fig. 11 Comparison of theoretical and pulse- where A(K) is the complex Fourier spectru of
echo experimental power spectra from which the phase has been minimized by subtracting
Experiment 9. (200 Pm x 400 Pm oblate out the linear trend.

spheroid, a = 15', 0 = 1801). Theory isSSM method N. Varadan). Experimental The Log-Log Power Spectrum was computed by
data were recorded by B. Tittmann, taking the log of the power spectral mplituder
may 1979. then resampling the frequency axis at loiarithmi-

cally spaced intervals. The formula for deforrin-
ing the frequency intervals is

FEATURE E.XTRACTION

The features used as ALN inputs were computed f i = f min(fmax /fmin )expd(i '
()/(N 2);

in two steps: first, a set of representativeFpectral features were derived from each pulse- i = 1c22oo
echo power spectrum and its associated transforms, (3)
and secondly, a set of s mpatial features was cot-r
puted over the 19 receiver positions to descri e where fi is the sampling interval, fcmp and fbthe surface formed by each of the spectral tea- are the band limits of the power specrimpl, iN
turMs. A description of both feature types ap- is the original number of Pints in the spectr n

pears bel ow. (N=22).

A total of 79 spectral features (not listed) The total power spectra feature Pfo was
were computed originaliy from the following wave- normalized y the average power in the I-element
lorms at each receiver position: array. Hence, this feature measured the relative

distribution of power in the array.
e . Power Spectrum P(f)
2. Log-Power Spectrum L(f) The following w3 asal features were co-
3. Log-uo Power Spectrum (f) puted from each of the six ta aral fhature, men-
4. Characteristic Funtion y (r) tined above. The total n f erpo f candidate ea-
. Auto-Correlation Function R(it) tures input to the ALN trafnin process was there-
6. Phase Spectrum O(f) fore 7B.
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Feature

Number Symbol Description WlX 2 + w2y
2 + w3z

2 + w4xy +

1 wI  Surface coefficient on x2 w5xz + wgYz 1 (4)

2 w2  Surface coefficient on y2  It is assumed that the 19 feature values are sam-
pled points on a continuous surface in (x, y, z-

3 w3 Surface coefficient on z space. If the surface is limited to an ellipsoid,
hyperbola, conic, or sphere, it can be completely

4 w4 Surface coefficient on xy represented by Eq. (4). The x, y, and z spatial
values for the features can be computed since the

5 w5  Surface coefficient on xz receiver positions are known. A matrix inversion
is required to solve for the w's. A hypothetical

6 w6  Surface coefficient on yz surface is shown in Fig. 12 along with the matrix
equation which is solved to find the six coeffi-

7 cx x-component of centr i cients.

8 c y-component of centroid The features, c , c , and c , are the x, y,
y and z components of fhe entroidzof each spectral

9 cz z-component of centroid feature group. They are computed by finding the
average feature in each d.irection:Ir ATANI tan

-I 
(Cy/Cx

y 19
11 ATAN2 tan-I (x2/xl) cx = 9cosisind. (5)

12 ATAN3 tan
-1 

(1 l2 2 /w3 ),I~~1 Wii) 1 1
12 T9 n P i sin~sinu'. (6)

13 ATAN4 tan -1 (V /y1)

FetrsItruh6x yz 1 19
Features 1 through 6 (wl-W6 ) are the least squares c - LI Picosdi (7)
coefficients on the qua ric surface: i-i

0 * :e OAOp *4AVEIORM FEATURE

- - :OMPUTEo AT ict:.uC~

S - q (oL, / . oI)

x

555 2 *wT *wZ2 " 4. *dxz gz

I /;" 11 1L 01 z 101

-' /2 : 0 2  2 Y2'2
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Fig. 12 Idealized surface representation of extracted array measurements.
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where P. is one group of 19 spectral features and The ALN to estimate the major spheroid axis,
the angles (oi, 8i) specify the receiver orienta- B, is shown in Fig. 14. The two features selected
tions. were both centroids, and both measured shifts in

the power spectrum. The average absolute error
The arctangent features are angular measure- for this network was 33.5 microns, or 8% error.

ments which have been included since the ALN
models estimate directly the defect orientation Figure 15 shows the network structure for the
angles a and . spheroid's polar orientation angle, u. This net-

work selected three features, all of which were
The spatial features listed above have the arctangent functions of the total power. The

advantage of being computable even when a few of error for this network model was quite small when
the receiver positions cannot be accessed. This evaluated on theoretical data. An average abso-
situation may arise during the inspections of non- lute error -' 4.70 was observed. This corresponds
spherical test pieces. to an error of 5%.

ALN MODEL SYNTHESIS The network structure for the azimuthal
orientation angle, 6, is shown in Fig. 16. The

Individual ALN models were trained on theo- features selected were arctangent types of the
retical (SMM) scattering data to estimate the four first moment of li(r)I and total power. The
defect parameters A, B, a, and e. The network observed error on theoretical data was very small,
structures, selected features, and weighting coef- 1.1', which corresponds to a 1% average absolute
ficients appear below, error. This parameter was the easiest to

estimate.
Figure 13 shows the resultant network struc-

tures to estimate the spheroid's minor axis, A. EXPERIMENTAL RESULTS
The ALN selected six input features, most of which
measured shifts in the low-frequency position of Features were computed from the nine experi-
the power spectrum. Each element in the network ments described in the section titled "Fxperimen-
is comprised of a six-term quadratic multinomial tal Data Base' and were processed through the
of two inputs where the weights have been opti- theoretically trained ALN networks. Fstimates for
mized to produce a minimum error at the output. A, P, -, and i for the nine experiments appear in
The average absolute error computed from theoreti- Table 6. Values for o in Experiments I and 4 are
cal evaluation data was 10.4 microns. The average not shown since 6 is undefined when , is zero. A,
absolute nercent error was 9%. The centroid-type error summary appears at the bottom of Table 6.
features were frequently selected for both A and B The relative error shown is the percent averane
size parameters. absolute error computed over the nine experi-

ALN STRL'C7VRE

FEATt',P

rNPUTS

'TP

x4  
A4

5

x5 EPQR T E:1' T:CA
X6 r ATA-R HE EC

"ELEMENTAL FOPIM: Y •W.,W:X:-W A -w X X .,X2 -0 "

Fiq. 13 Adaptive learning network to estimate size parameterA

for spheroidal defect%.
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Fig. 14 Adaptive learning network to estimate size parameter P
for spheroidal defects.
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Fig. 15 Adaptive learning network to estimate orientation paramater (
for spheroidal defects.
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Fig. 16 Adaptive learning network to estimate orientation parameter i

for spheroidal defects.

ments. ALN estimates for the orientation angles a problem was to (1) obtain theoretical amplitude

and 5 were excellent, with errors of 7% and 4%, spectra from a geometrical diffraction model, (2)
respectively. Estimates for the larger size extract diagnostic features from these spectral
parameter B were also excellent with a relative estimates for use in training Adaptive Learning

error of 6%. The results for the minor axis A Networks (ALN) and (3) assess the predictive capa-
were generally small for the 200 micron cases, hility of the resulting networks using experimen-
except for Experiment 9 which used the higher tal data collected from specimens of known size
7 MHz center-frequency transducer. The poorer and orientation.
estimates for the minor axis may he attributed to
the limiting resolution of the system bandwidth. The subsections which follow contain detailed
The ka value along the minor axis was 0.5, which discussions of the crack geometry, the composition

implies the A-dimension is less than 1/12 of the of both the theoretical and experimental data
longitudinal wavelength. This small defect size bases, the features selected for analysis pur-
in relation to the wavelength has a very small poses, the configurations of the resulting Alit
effect on the incident waveform. This effect models and results obained from the comparisons of
could possibly be less than the inherent experi- the theoretical and experimental data inversion
mental error. processes.

It is interesting to note that the ALN models DEFECT GI(M['TPY
were able to produce very good defect estimates
for all nine experiments despite the fact that The geometrical representation of the tw(,-
Experiments I through 8 were collected Lnder dif- dimensional elliptical crack prnbler, is illi s-
ferent conditions, with a different transducer, trated in Fig. 17. For the purposes of this
and with a different array configuration than was study, we assumed the defect was described in
Experiment 9. This insensitivity to variation of terms of four distinct parareters:
experimental conditions is a good indication that
the ALN inversion procedure could be easily A' - the radius of the mincr axis,
adapted to practical use.

B" - the radius of the iiaaor axis,
CHARACTERIZATION OF

TWO-DIMENSIONAL DEFECTS a' - the polar anqle (rasured fror the los i-
tire Z-axis to the ia nr axis),

INTRODUCTInN
0' - the azimuthal anile (moasured frr" t he

In many respects, the procedures employed in positive X-axis to the lrojection of the
the analysis of the two dimensional crack problem major axis on the YY-Flane).
are analogous to those described for the three-
dimensional case IresPnted in the previous sec- It should be noted that one additi onal meare-
tion. The objectives sought for each of the two ment, representinq the rntatien of -he defect
geometrical configurations are identical, namely about the majnr axis, would he ruiir d lo
the characterization of the defect both in terms describe the most qeneral r(er, h(owever, the Ihe r-

of its size and its orientation. The specific ret i cat aproa(h u sod in t he, enerati v tf the
approach sel P'd for the two-dirensional defect ampl it ide spect ra assumed tI is anq IS o ,,'
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Table 6. Size And Orientation Estimates For Nine Experimental
Spheroid Defect Samples Determined From Theoretically
Trained ALN Models

Exp. A (Urm) B (Jm) (degs) 8 (degs)
True Estimated True Estimated True Estimated True Estimated

1 200 123 400 413 0 4 - -

2 200 180 400 381 30 23 225 222

3 100 105 400 415 80 79 160 167

4 100 72 400 372 0 12 - -

5 200 127 400 341 80 89 160 174

6 100 94 400 406 30 29 180 190

7 200 121 400 370 30 46 180 189

8 100 97 400 393 30 36 225 227

9 200 216 400 453 15 14 180 184

Relative
Parameter Error

A (Wm) 23%
Error B 6%
Summary

O (degs) 7%

S (degs) 4%

I PUT
- will be incorporated into future analyses. 5

RECEIVU Throughout the remainder of this section, the de-

fect will be represented in terms of the four mea-
surements described above.

The locations of the input signal and re-
ceived signal are also shown in Fig. 17 and are"i /defined in terms of their polar angles (6, 6 )
and azimuthal angles (*I, op) with respecl to the

I Isame reference coordinate system used in the crack

representation.

ARRAY CONFIGURATION

The 19-element hexagonal array discussed in
an earlier section was also used in the two-

Sdimensional crack analysis. The locations of
these individual receivers are presented graphi-
cally in Fig. 5. Both the theoretical and experi-
mental amplitude spectra were generated in terms

I / of this array configuration.

The mode of collection selected for evalua-
tion of the theoretical and experimental data was
the pitch-catch type in contrast to the pulse-echo
type. In the pitch-catch mode, the signal is in-
put at one of the elements in the array and the
diffracted signal is recorded at the input loca-
tion as well as at the other 18 different loca-
tions within the hexagonal array. For the pur-

Fig. 17 Two-dimensional elliptical crack poses of this study, the input signal was always
coordinate geometry. assigned to the center element (0.0, 0.0) of the

array.

was therefore the only case considered in this THEORETICAL DATA BASE
study. Modifications to the geometrical diffrac-
tion theory which enable variations in this angle A computer code representing a far-field ap-
to be evaluated have been recently completed and proximation to the geometrical theory of diffrac-
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tion was developed at Northwestern University for 2.5 cm titanium disk and is diffracted by a crack
use by Adaptronics in calculating estimates of the within the disk. The diffracted signal then
amplitude spectrum recorded at a particular loca- leaves the disk, enters the water, and is recorded
tion when an input ultrasonic signal is diffracted at a specified location, displayed and subsequent-
from a defect of specified geometry. The deriva- ly digitized. A total of three experiments were
tion of this model has been extensively discussed evaluated by Adaptronics in the course of this
and has been shown to be i aorable agreement investigation. The size and orientation of the
with experimental results.,N defects are presented in Table 8.

Theoretical amplitude spectra corresponding
to longitudinal-longitudinal mode scattering were Table 8. Summary Of Experiments Analyzed
generated at each receiver point in the 19-element
array using the pitch-catch operating characteris-
tic with the transmitter located at the center of I ooRs osoioWR CLR

the array. A total of 1890 different defect gecr- M M:s IROS AGLS DEGMOIS

etries were considered and are identified in
Table 7. Synthetic spectra were obtained for 14
different defect sizes (A' and P'), 9 polar angles oo ASOO 30

(a') and 15 azimuthal angles (t'). The frequency I
band of interest used in the calculation of these 0,

spectra ranged from 2 to 14 MHz with a frequency
resolutio, of approximately 0.1 MHz. The corres- 3 1 6.5 ,5.

ponding ka range of the theoretical data was from I
0.62 to 34.69 which encompasses a wide range of
wavelengths.

COMPARISON OF THEORETICAL AND
EXPERIMENTAL SPECTPAL DATA

Table 7. Theoretical Data Base
Since one of the main objectives of this

___________________SIZES_-_14 _study involves using models trained on a theoreti-
-LL: 'ICAL 1501KS01 -. lASES cal data set to evaluate experimental conditions,

the final results depend ultimately on how well
the experimental and theoretical spectra agree. A

A B A S direct comparison of theory and observation cannot
M)cs ,ORRRI M, CRoRA ''Ro' be performed until an assessment of the differ-

312 311 2 250 ences in the two different approaches is eval-

31uated. Several complex processes, which are not2 1250 '250

accounted for in the theory, are involved in col-

312 2500 1250 lecting the experimental data. Some of the more
I 015 625 :575 15 pronounced incompatibilities are identified in
620 125 157 25o7 Fig. 18. The differences shown in this illustra-
525 .875 2500 250 ticn can be divided into two main categories --

those related to the electronic features of the
recording system and those pertaining to the pro-

POLAR ANGLE ORIENTATION - CASES perties of the metal specimen. A more detailed
discussion of each of these problem areas and of

the procedures employed in compensating for their
in- 100. 0o, , 30, *O 50 , 300, O, influence on the recorded signal will be presented

in the following paragraphs.

AZIMUTHAL ANGLE ORIENTATION - 15 1SES
The theoretical model used in calculating the

S 25-. 50o, '5, 10', 125', 15D', 7. 'OC' diffracted spectra is characterized by a noise-
.... free environment and by a receiver which responds

2250
, 
2500. 

.
750. 3055, 32s, M0c uniformly to diffracted energy over a widc range

of frequencies. Both of these ideal situations
RECEI'VERLCA-iONS - 19 CAE: are not present when real data are collected.

Background and ambient noise is always introduced
6, 3 10 30' :3C0, ,0C !000 93. in the recordings as well as that associated with

:C5010, 100 40. 300 the electronic devices comprising the hardware
system. In the experiments analyzed in thi-

9. c'
,  

,. ,1. 30, SO', 2;0, -,oo, 0 study, the noise levels related to these different

.o, . :¢ sources can be minimized, but not totally removed,
by proper selection of attenuator and amplifier
gains in the rocording devices. Since the reo-

EXPERIMENTAL DATA BASE metrical properties of the defect ire known prior
to the collection effort, the operator can selec-

The experimertal data used in this study were tively monitor the resulting signal-to-noise ratio
collected at the University of Tennessee from a and thus obtain recordings of very hiqh quality.
set of known defect specimens. The basic charac-
teristics of the collection process and the olec- The other experimental system feature which
tronic configurations of thp recording devices are deviates from the theoretical case is the freqtuen-
summarized by Adler, et 1. Basically, a broad- cy response of the transducer. The reference
hand transducer emits an L wave which passes spectrum shown in Fig. 19 was obtained from an
through a 15 cm water column, enters a 10 cm by analysis of the signal recorded after the input
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Fig. 18 Simplified view of the processes influencing the recorded signal.

I: diffracted spectra obtained from a 0.625 by 2.5 mme
, /z elliptical crack. The ripple periods obtained

from these two defect sizes agree very favorably
i - with those predicted from the theory. The agree-

ment between the relative amplitude levels is ex-
cellent for the low frequencies hut deteriorates
as the frequency hecomes larger. The consistent

-deviations in the normalized amplitude values
noticed in these two comparisons, when added to

J 2 4 . the previous case (Fig. 20), appear to indicate
Fl.q.-Y ,M.) that a certain amount of frequency dependent

attenuation related to the specimen is being
Fig. 19 Normalized amplitude spectrum represent- introduced in the experimental dta.

ing the transducer reference spectrum.
Two potential problem areas can he identified

where the theoretical model differs from the ex-
perimental collection with regard to properties of

energy had passed through a 2.5 cm thick titanium the titanium sample. The first relates to the
sample containing no defect. Over the frequency incorporation of a water bath in collecting the
range of interest in this study (2 to 14 MHz), the diffracted spectra. This introduces a transmis-
transfer function depicted here shows that the sion coefficient into the recorded data because of
response does depend on the frequency under analy- the water/metal interface. Using properties of
sis. To compensate for this nonuniform response, the titanium sample and water, this transmission
a deconvolution algorithm was applied to the re- coefficient was calculated according to a well-
corded data to guarantee a flat amplitude response known formula given in Ref. 9 for various polar
over the range between 2 and 14 MHz. The exact angles and is shown in Fig. 23. Over the angular
form of this deconvolution process was presented range of 0' to 900, this coefficient varies fror
in an earlier section. approximately 0.1 to 0.04. The analysis presented

here indicates that the water/metal interface
In summary, any discrepancies between the characteristics can influence the amplitude level

theory and experiment related to characteristics observed at a particular receiver location. This
of the recording system can be accounted for by coefficient is independent of frequency and would
established procedures and should not affect any not be of much assistance in explaining the devia-
comparison studies. tions noted above. iohever, since the transmis-

sion coefficient is a function of polar receiver
A direct comparison of the theoretical pre- angle, it, therefore, must be applied to preserve

dictions and experimental amplitude spectra cor- the relative energy distribution in the array.
responding to a 2.5 rmm disk defect for receivers The second area in which the theoretical and ex-
at polar angles between 30" and 65" is shown in perimental spectra differ relates to the attenua-
Fig. 20. The experimental results have been de- tion of the diffracted energy in the titanium
convolved to reflect the reference transducer specime'. No attenuation of energy was consider(d
spectrum. Some very interesting inferences can he in developing the model, but it is evident that
drawn from this illustration. The most obvious incurporation of its effect on the diffracted
agreement between these two sets concerns the spectra ould improve the spectral comparisons
ripple period structure. Measurements made from presented thus far, especially at the higher fr-
each spectrum are in very good agreement, with quency components. Recalling the comparisons pre-
each indicating a slight decrease in the ripple sented earlier, it was observed that the ripple
period as the polar angle of the receiver in- periods measured from the two spectra were in good
creases. The relative amplitude levels agree agreement. If we assume that the theory and ex-
reasonably well at the low-frequency end of the periment should be in good agreement when con-
spectra (2-6 MIhz) but deviate at the intermediate sidering the relative amplitude levels, then the
and high-frequency portions of the spectra. This differences we have observed can be partially re-
observation appears to suggest that frequency de- lated to attenuation features.
pendent effects related to the titanium specimen
may be influencing the experimental results. Perhaps the simplest method which could he

used to obtain an estimate of the attenuation ef-
Further comparisons of the theoretical and fects would be to calculate a ratio of the two

experimental data are shown in Figs. 21 and 22. spectra. However, a more detailed examination of
Fig. 21 represents the data recorded at vdrious the two spectral curves illustrates that the boca-
orientations along the major and minor axes of a tions of the peaks and nulls occur at slightly
1.25 by 2.5 mm ellipse. Figure 22 presents the different frequency values. This slight
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Fig. 21 Comparison of theoretical and experimental amplitude spectra
for a 1.25 by 2.50 millimeter elliptical crack in Ti at various
ptch-catch scattering angles. (The experimental data have

en d ve been deconvolved.)
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Fig. 22 Comparison of theoretical and experimental amplitude spectra
for a -.625 by 1.50 millimeter elliptical crack in Ti at various
pitch-catch scattering angles. (The experimental data have been
deconvol ved.)
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Fig. 23 Transmission coefficient as a function
of polar angle for the titanium sample. ,, -

difference introduces several spurious peaks in Fig. 24 Decay of normalized amplitudes as a
the ratio and complicates the attenuation function of frequency determined from
measurement as well as its interpretation, the theoretical (circles) and experi-

mental (squares) normali ed amplitude
To circumvent this problem area, a series of spectra.

peak values were determined for both curves and
plotted at their true frequency value. A typical
example illustrating this procedure is shown in ference (A) between these two curves at a given
Fig. 24 which shows the results obtained for the frequency tends to increase linearly with
2.5 mm disk at a polar angle of 30'. The curved increasing frequency, The logarithm of this
line connecting these measurements represents the difference, measured at various frequencies, is
decay of energy with frequency for both the theo- plotted as a function of frequency in Fig. 2!. It
retical data and experimental data. The dif- is obvious that the data points represented in
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this illustration are well described by the linear size defects ranging from a .312 by .31? mm disk
functional relationship of the form up to a 2.5 by 2.5 mmi disk. Nine polar angles

covering the region from 10' to 89' and 15
log au) = -kw (8) azimuthal angles from 00 to 350' were considered

in developing the theoretical data base. A hexag-
or onal array containing 19 receivers were used in

estimating the diffracted spectra for each indi-
A(w) 0 ekw (9) vidual case.

The features selected from these individual
spectra involved consideration of the energy level
of the amplitude spectrum and a measurement of the
ripple period structure inherent in the diffracted
spectrum. Estimates of these parameters were made
for each element in the array and were then ana-

I lyzed as a unit to determine the spatial depen-
dence of these features within the array. The
spatial characteristics were determined by fitting
a surface to the 19 estimates using a least

Fig. 25. Logarithm of the difference in amplitude squares criterion. The exact procedures employed
between the theoretical and experimental in the estimation of the surfaces were identical
spectra as a function of frequency. to those used in the three-dimensional analysis

presented earlier. Coefficients representing the
best fit surface to r" spectral features, other

This empirically determined relationship is spatial measurements related to the centroid
quite compatible with theoretical attenuation location and angular quantities of the data were
models described in Ref. 10 which can be expressed made. The steps involved in the estimation of
as these spectral features are illustrated schemati-

cally in Fig. 28. The measurements oltained from
A(-) 0 e

- 
/
2
CQ (10) the total energy and ripple period features are

the same 13 spatial features computed from the
where X is the distance of propagation, C is the spheroidal defects, and a list appears in the sec-
wave velocity and Q is the specific dissipation tion explaining feature extraction.
function. Equating k in Eq. (9) to X/2CQ results
in an empirically determined estimate of Q in the The total energy feature was computed using

range from 3000 to 3500. the amplitude spectrum at each receiver location
over the frequency band of 2.0 to 8.0 Ml!z. This

The experimentally determined attenuation limited frequency band was selected based on the
functions were applied to the recorded data and analysis of the attenuation effects described
resulted in a much better comparison with the earlier in this section. The estimation of this
diffraction model predictions. Examples of the feature involved a direct summation of spectral
resulting spectra are illustrated in Figs. 26 and values over this frequency range with a frequency
27 over the frequency range from 2.0 to 8.0 MHz. resolution of approximately 0.1 MHz. These values
Spectral data for frequencies higher than 8 MHz were normalized by dividing the estimate at each
appeared to be bordering on very low signal-to- receiver by the maximum energy observed at any
noise ratios and were not used in the analysis. site in the array before the surface fits were
The comparisons shown in these figures indicate made.
that the relative amplitude values are in much
better agreement, especially around the spectral Estimation of the ripple period evident in
peaks, when attenuation effects are considered. the diffracted spectra was accomplished by a
The ripple period structure shows no appreciable Fourier transform analysis. The mean value deter-
change when these effects are incorporated into mined from the theoretical spectrum was calculated
the analysis. and removed from the spectrum. The resulting

function ideally approximates a trigonometric
The comparison study presented in this sec- (sine or cosine) time series of period f where f"

tion appears to confirm that theoretical and ex- is the ripple period measured in MHz. Depending
perimental diffracted spectra can be shown to be on the duration of this resulting function, a
in reasonable agreement over the frequency range Fourier transform should produce a sharply peaked
from 2 to 8 MHz when modifications to the assump- response at a value of I/f . The location of the
tions made in the development of the theory are maximum value is determined from the transform
taken into account. The experimental results oh- output and its inverse equated to the ripple
tained during this analysis will require more de- period of the theoretical spectrum. This pro-
tailed examination to verify the conclusions made cedure is outlined schematically in fig. 29.
in this preliminary evaluation. The agreement Surface features are then computed from the ripple

achieved in this comparison suggests that diagnos- period measurements made within the array.
tic features extracted from theoretical spectra
for inversion purposes may be directly applicable ALN MODEL SYNTHESIS
to the field situation.

Adaptive Learninq Networks were trained using
FLATUP[ SILECTION the 26 spatial values measured from the ripple

period and total energy. Four networks were de-
The theoretical diffraction model was used to termined corresponding to the four unknown param-

generate a set of 1890 distinct cases for evalua- eters required to define the defect size and
tion. The data set is represented by 14 different orientaiton (A', P', 8', s). The connectivity
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Fig. 27 Illustration of experimental recordings
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Fig. 27, Illustration of experirnental recordings
corrected for attenuation refets.

computation of ALN feature inputs.
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The network which resulted from an analysis
of the polar angle (c') is presented in Fig, 30,
The structure of this network is quite simple and
indicates that the estimation of a" depends mainly

TECST on the distribution of power within the recording
array. Each element in the network consists of a
six-term quadraatic multinomial of two input vari-
ables. The input features shown in this figure

were selected by the model from the list of 26

2 0 1 . 1 40 available values. The outputs of the leftmost
elements provide inputs to subsequent elements.
with the final element providing an estimate of
Q'. The evaluation set used in this analysis was
not incorporated in the network training exer-
cise. The comparison of this independent data set
with the model yielded an average relative error

RIPLE EPI f-of slightly more than 4% and an average absolute
error of 4' for the polar angle.

,?? IP~f)I

The structure of the ALN for estimating the

defect azimuthal angle (0') is presented in
Fig. 31. The network is represented by only two
input variables and resulted in very good esti-
mates of 0' for the independent evaluation set

Fig. 29 Schematic illustrating steps involved in with an average relative error of 2% and an aver-
the computction of the ripple period age absolute error of only 3.5".
feature

The defect size parameters, A' and V, were
subjected to ALN analysis with the resulting

and coefficients determined from the ALN analysis structures shown in Figs. 32 and 33, respective-
as well as a discussion of how well the resulting ly. In general, the structures for the networks
model describes the theoretical data will be pre- for estimating the sizes are more cotplex than
sented in this section. those obtained for the angular orientations. The

19E NP T1rS

NZZ)RJ STR0 "TIWI

U 2.0 ;H R K 'a, i'Cx

I.00 23r T:rI SO.

K, 000 I "ILE ItI

Fig. 30 Adaptive learning network to estimate orientat ion
parameters, a', for elliptical crack eef#-ct,,.
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ME23 -2i- 30 40J - 4-4 21- Fig. 31. Adaptive learning network to
estimate orientation parameter,
is', for elliptical crack deficts.
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rjg. 33 Ada;pt ive learning network to estimate major axi s, F' for el I il't Ica! (ra( depfts.

average relat ive and absolute errors determined t ion of t he detect sOze are concerned wit h the
for A' were 2C% and 0l.17 mmii and 14% and (0.11 ri ripp1le period meaSuremients. obtained frrx' t he (11f-
for R' when the net Work eSt imateS were compared fracted spectra, whilIf the selected for use in
with the evaluation ddta set. The average errors eStirtal ion of the defect oriert af ion re Concerned
qujoted for these cases appear to he higlher than with energly mieasurements;. The calculo! ion of t he
expected, however, a detailed analysis of the in- diffracted energy at each receiver is, a ,implr
di vidtal errors indicates that the awount of error task; however, !he ripple pericd calcil at ion in-
is related to the site of the defect. The smal11 vol ves a more comnplex set of operations,. 'he
sizes (. 31? mr, especial ly) resulted in the most largler errors observed in the 07ve et imates may
error whicti leads to a d1istortion of the averaqe ronceivahly be a direct result of the largier In-

values calculated over all lengths. In fact, the certainty acssociated with the ripple period osti -
analysis was repeated after all data of length mnateP. A higher resoluirin specvtral estimate of
n.312 ri on the minor axis were remonved fromi the the ripple period features, may result in a (on-
sample and resulted in a significant reduction in siderable reduct ion in the erirrs, rolated to the
the average relative and absolte errors; to more defect slip an(! will be investigated in fturej
arceptable levels of 11!7 and 0.14 rri. The struc- work.
tijre of the AlIN obtained fromn this analysis, was
quite similar to that obitainedI from the total sam- In) suimry, the l ' trairvf orn thef 'eeo-
ole aglain indirafing the difficuilty in es

t 
imal ion ret Ical diffract ion data yieldedl vxcel lent result'.

of small defect lengths. 'hp ITaIJority (,f the fea- for est bat ing the angular orientations of ther
tires selertedl by the AlIN modepl for rIse in est ira- two-dimensional racs. st ae', of !hp.st



the defect also provided good comparisons with The results presented here illustrate that
data not used in determining the network struc- ALN modils trained on theoretical data bases pro-
tures, especially for medium and large length de- vide very good estimates of defect size and orien-
fects. The networks presented in this section are tation estimates when the models are used in pre-
compared with experimental data in the next sec- dicting experimental results. More experimental
tion to assess the predictive capability of the data, especially at different orientation angles,
ALN models in a blind test environment, are required to provide more stringent tests of

the developed models.

FXPEPIMINTAL INVIRSION 
RESULTS

DISCRIMINATION BETWEEN TWO-PIMENSIONAL
The data collected from a set of three known AND THREE-DIMENSIONAL DEFECTS

specimens were analyzed to determinl, how well the
ALN models trained on the theoretical data perform INTRODUCTION
Linder experimental conditions. The various pro-
cedures employed in obtaining the diffracted spec- The work presented in this section covrs the
tra as well as the various features (total energy discrimination between two-dimensional (crack-
and ripple period) measured from the spatial dis- ike defects and three-dimensional (void-like)
tribution of these observations comprising the defects. This is an important step in the defect
array structure were discussed in earlier sections characterization process since it determines which
of this section. The estimates of the defect size of the previously described algorithms will he
(A' and B') and orientation (u' and 6') determined used to estimate the defect size and orientation
from the appropriate model are shown in Table 9. parameters as shown in Fiq. 2.
The agreement obtained between the observed and
predicted quantities is excellent for each of the Since the geometry is different between
three tests. The best comparison is obtained for cracks and voids, one would expect the scattered
the defect orientation characteristics with the ultrasonic field to also be distinquishable. The
'axi'1urT' deviation being less than 6%. The maximum results shown below indicate this to he true since
difference obtained for an estimate of the defect no difficulty was found in performing the discrir-
size was about 22T.. The average relative error ination.
determined for the three evaluations considered in
this study is 10% for the minor axis (A'), 5% for The approach to this problem has heen similar
the major axis (P'), 3% for the polar angle (s), to that of the previous two sections in that a
and 0% for the azimuthal angle (P'). theoretical data hase was generated, an ALN syn-

Table g. Size And Orientation Estimates For Three Experimentally
Recorded Elliptical Crack Pefects Determined by ALN's
Trained on Theoretical Data

A' (n) B (mm) E"

PRUE 2.50 2.50 90, 0.
EXPERIMENT VALUE

41
ALN 2.36 2.32 85o 011
ESTIMATE

EXPERIMENT TRUE 1.25 2.50 900 0
VALUE

ALN 0.98 2.40 8Q. 01
ESTIMATE

EXPERIMENT TRUE 0.625 2.50 90 0'
VALUE

ALNATE 0.644 .41 89
° 

00
ESTIMATE

A' RG RE AT V 10%+ 5% 3I I I



thesized, and the network evaluated on both theo- (1) First Moment (PI)
retical and experimental data. One problem was (2) Second rtoment (P2)
that no pitch-catch data were available for spher- (3) Low-to-High Patio (P)
oidal defects, and no pulse-echo data were avail- (4) Standard Deviation (o)
able for crac, s. Hence, the final network could (5) Normalized Total Power (PT)
only be evaluated on one type of data. It was
decided that the 19-element hexagonal array would All features were computed over the ranqe of
be used in the pulse-echo mode, since these mea- 1.0-8.8 MHz. The low-to-high ratio was computed
surements require on y a single roving transducer, by dividing the power in the 1-4.5 MHz hand hy the
plus more experimental data were available for [lower in the 4.5-8.8 MHz band.
spheroids than for cracks. The ALN discrimination
model was evaluated on the nine experiments. The 13 spatial features (listed in the sec-

tion on spheroid feature extraction) were computed
DATA BASE on each of the five spectral features, yielding a

total of 65 candidate features for ALN synthesis.
The theoretical data base for training con-

sisted of the 240 spheroid experiments described ALN MODEL SYNTHESIS
earlier, and 360 pulse-echo elliptical crack
experiments generated with H. McMaken's GTD crack The ALN model output was designed to map all
model. The 10 sizes and 36 orientations of the crack feature vectors into +1 and all void feature
crack data base appear in Table 10. Features of vectors into -1. Therefore, any ALI output
only the power spectrum were used to perform greater than the zero threshold are indicative of
defect recognition. The crack spectra were a crack, and negative outputs are indicative of
generated from 1.0-8.8 MHz, exactly the same voids. The resultant network structure is shown
bandwidth as the void spectra. The 19-element in Fig. 34. This ALN selected four power spectral
hexagonal array was used to record the scattered [P(f)] feature inputs:
field.

Table 10. Sizes And Orientations Of The 360 Theoretical
Pulse-Echo Elliptical Crack Experinents Used
For Crack/Void Discrimination

Defect Sizes Defect )rientations
A (Lm) B (Pm) I (deqs) 3 (degs)

312 312 90 55

312 625 s0 140

625 625 70 245

312 1250 60 330

625 1250 50

1250 1250 40

312 2500 30

625 2500 20

1250 2500 10

2500 2500

10 sizes times 9 c's times 4 a's = 360 experiments

FEATURE EXTRACTION (1) z-centroid (c z) of the first moment,

Three basic differences were observed between (2) z-centroid (cz) of the low-to-high
crack and void power spectra: ratio;

(1) cracks had more energy concentrated at (3) y-centroid (Cy) of the standard devia-
the low-frequency position of the spec- tion; and y

trum than did voids;
(4) z-centroid (- ) of the standdrd devia-

(2) dips in the spectrum were more pro- tion.
nounced for cracks than for voids,
yielding more spectral "activity;" and The network correctly classified 100% of the crack

and void defects when evaluated on theoretical

(3) the energy roll-off as a function of data.
polar angle was greater for cracks than
for voids. FXPIRIMENTAL PISULTS

These observations contributed to the proposition The nine pulse-echo spheroidal experiments
of the five followinq spectral features: were Processed through the AIM discriminat and

1f06



ALN STRUCTURE
FEATURE
INPUTS

NE WRK
OUTPUT

5 0 - SPPEROID

X3 ERROR ON THEORETICAL

2 2AA-0

*ELEMENTAL FORM: YI "W+W Xl W2X W OX X2 W4X 2+W5X2
2

FEATURE DESCRIPTION

XI: CZ of Power Spectral First Moment

X2: CZ of Low to High Power Ratio

)31: Cy of Power Spectral Standard Deviation

X4: CZ of Power Spectral Standard Deviation

NETWORK WEIGHTING COEFFICIENTS

ELEMENT W W, W
2  W3 W

4  W
5

I -.592E+02 .305C.02 .l12E:03 -. 309Ea02 -.372E1 - 431E02
2 3 53E 01 .322E.02 -. 324EaS3 -.917E 63 .238E 05 .513 E04
3 -. 303E+00 .613E+00 .463E+00 ,890E-01 .216E 0 .173E+ I'

Fig. 34 Adaptive learning network to discriminate
two-dimensional (crack-like) defects from
three-dimensional (void-like) defects.

the output results are shown in Table 11. Note PEFERINCIS
that eight of the nine defects were classified
correctly. Experiment 4, (A = 200 pm; B - 400 Pm; ]. T. J. Ulrych. T. N. Bishop, "Maximum Entropy
= 80'; a = 160') was incorrectly classified. Spectral Analysis and Autoregressive Pecom-

Low signal-to-noise ratios at many of the receiver position," Review of Geophysics and Space
positions for this experiment could have con- Physics, Vol. 13, 1975, p. 183.
tributed to this error. The overall results, how-
ever, are very encouraging. A plan for future 2. N. [. Paton, "Sample Preparation," Inter-
efforts will include evaluating this model on ex- disciplinary Program for uantitati-TTaw
perimental pulse-echo crack data. Definition, Special Report Second Year

Table 11. Results Obtained By Processing The Nine Spheroid
Experiments Through The ALN Crack/Spheroid
Discriminator. Eight Of The Nine Experiments
Were Correctly Classified.

Experiment No. I ALN Output True Class Estimated Class

1 .4569 Spheroid Spheroid

2 -.4860 Spheroid Spheric

3 .1685 Spheroid I Crack

4 -1 17 Spheroid spheroid

5 -.5138 Spheroid Spheroid

6 - .2794 Spheroid Spheroid

7 -. 3759 Spheroid Spheroid

8 -.2455 Spheroid Spher0ld

S-.497 Spheroid Spheroid

507
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Determining Flaw rharacteristics from Ultra- 9. W. Maurice Ewing, Wenceslas S. Jardetzky and
sonic Scattering Amplitude," Interdis- Frank Press, Elastic Waves in Layered Vedia,
ciplinary Program for Quantitative FTaw McGraw-Hill, T7.
Definition, Special Report Fourth Year
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Previously- we have shown that the inverse Burn approximation allows an accurate determinat ion Of tile
trdius of spiher ical flaws in Ti. Here we report the res Ilts of extend ing that analysis to spheroidal
vo iis. Bio th 'Hlate and pro ate spheroids are considered. U'sing scattering amplitude generated I., t:A
P-matrix method , we f ind t it hot h tire maj or arnd minor taxes of 2-1 spireroids are arcururtols determined.
inIvers ion results using exper imrentalI data will E presented for the 2-1 oblate spheroid: a Comparison i1
tot- exper imental and threoret ical reslults will be given.

INTKiIDLUION

iceert -lveiipments in ultrasoric scatterirng uravuhin ; rut weak (-l.g. alviii). It is not l iar
i0-,rv rave [teen stronglY :notivurted by tire torn- row to extend our current inversion 4i ly'orit.:.

l -- troo:tIV icrci luit ion treed,; of the structrurl to rina IIv to thei s t rirg sca t t L'r i ng rus-,. liar,.v
1i no i ,r I IIt. [trillrIun it, Y.LIre i - r rimal-rv q u- s t irrin is; tor vi iri s its i mjIc , sha pe , t ie al1goir i t il I id

ili i -et of ultrasonic measurements (e.g. rood resu!lts as we will report.
,ctiterilg Jt tirides) froml some indistrial cotm- It is Iii tis emirica verification so roet
piortent, When Will it break! Ani interinldmIate step that r-ceut dove lolrmrenrts in o i,.- IcWave sc'at toriE
Ili -inswering tis quest ion is:: given the scattering thIeory. (such as tire T-rnat rix method'-) rave a set
dait, what arre tire ciaraicterrstiCS of tire flaw~s in rolit to Lay For Iii order to estili isir tire I inits
til- pi-c? Her, One would Like to know fi ine has (Ii val iditv of tis algorrithmn and oitiher empirical
It Va lob f law sucir as aL void or irrclursion , or if lovers ion algorr ithins, it is-ic sir ible to have tire,
ono ras a craick. Al so, one woould like toi know tire souarteing imp!litudes fir .r wide ruinge of diVfoer-
>r-.e, ,mhape and orientation of tire flaw: and, if erilv shaped flaws. Particularle interesting it r
it is an Inc lusi on, what it is Made of. Answering thIis purpose wonuld be flaws w ithr slhrrp edgessi;
these questions is whait I will refIe r to ars tire ;is cones and pill boixes. lUp to tire present timc

uiltrasornic intversiorn iroiblemn. rev are urn lteid to invest iguating spherical, and
theI current status rf the ultrasonic inversion oiblarte and pirolurte sphreroidalI flaws.

problemi depends irpon the ratiot of the chrarac ter- iir st rc tore of tire paper is as falltiws. In
stir size rif tire fluiw (a ) to thre Wavelength A tire- second sect ion we rev iew the den vat i-n oif triol

(k = 2il/i). Wiren tire size of fla, is much larger IliOritim. In sectiorn three we indicate liar, tire'
Iran tire wavelength, kao- -I, then imaging tech- t hen(rl Was simp!id fulr rthe case of lipsoid-i Iv

nirfues can be used, a nd ia good deal tiE progress shaped flIacws. Ili tire, fiurthI sect ion wce report t ire
iri s been miade. In tire opposite limit, ka <-,I, resul tsi of testing thre algorithm Withr experimein
toere has been sonic recent prorgress , hr ith o in termi- tallIIy genercatedl datar. ItII tilt f ifthr sect ion ,:c
,idesc:ribing what informiat ion can be extrac ted in repoirt tIre, rn-so Its of testinrg tire Snversiroil aIg-

pr irnciple arrd in terms of practical algorithmrns irir ritrnO ipn socittt-rring camip] it rides, gotterat-d Il\v the
,irply shaped flaws.' Between tirese twur limtits we V-mitt ix nIrItirrni tori 2-1 lin a-cud prtlatt spir-
ryevt Cie initermediciti regime, wirere tire r,'ivelerrgrl oiilul voids, Finally, in sor't it six we 1provide

-it a lii oirder iif tire size ift ti iiltei-t. Irlis ur (Ili SUsit'lo 1rti I ru tris .i1til Citcltdt
;ir lr tiot-rises- in tit itermed fate regimte anrd St ud it-s

tr.e ir titetrii feattures ofi sintgle voids. I;ELRAI. ill-rtiY
dowill revir c tine theoiretical development if

Aic irnversiron a Igiritini fur tire Intermed iate wavi-- 'lii- . gorit hm ti l i dSi tisir Ireir, is a ito-
I c-a. rrse-. - Further , wt- will sumtmrize thre cedrirt t or -iiiix ttI dotcttrritnitng tire, i-rir-

riigrt-,scr of nut groinj! iffi)rt tor empiiric-ally verift- traitslr ,I rht -rrittrs i ittor .n, tit
this .rlgirrithm. TFire need for idtailed empirfi-al tire l Iaw. lit-ri- i is I 1hr r insid i l lit f-.w

-iI it ion stt'ms frorm tirt, tirt-irrotfial juist ifi- iand ,irisir= tar r ;,it idu- t ti-f I ,-iw. We- rstrir t
, ji in titoIt tie rIgi rrit lim, whi- Ichi s bar-ed oil tol -it - ir tt-vit-w io. tin-.r t-r ti tiii- simplest t-xpi -

lit iv illuio uns of tire waive- t-quat ion and is viiid Mt-tta I situit ion. I rat. is We assirmir -isu--hi
Ivl it t'e sr-attt-r inrg is Siiftfii nt Ix Work! [lirw- gin tntirc v, - wn rr ir, i r L ig. 1. Hurt- t Ioitg ituiii iI v

''cur, mcittyrrf fll f laws iii inItorest i Surf. irl inr hlikcr -itiiild .- int WiVi- I,,. itii iiot In tlti



backscattertd amplitudes. Taking the Fourier trans-
form of S(2k) then allows us to determine the
characteristic function of the flaw, and hence its

size, shape and orientation. The major approxi-
mation in using a is that we assume that it
depends only on kSad not eon J[. 'lite character-

istic function is given explicitly in terms of the

shape function as
1 '

= const. d3 e2ik

(k aQSA (k, . ))) (2.4)

SIMPLIFIED THEORY FOR ELLIPSOIDALLY SHAPED _FLAWS

~ In the last section we described an approximate
procedure for determining the size, shape and orien-
tation of an arbitrary three dimensional flaw. In
order to use this inversion technique one requires
pulse-echo measurements from all incident directions

Figure 1. The geometry of a pulse echo k . The characteristic function is then obtained
experiment. The distance from (Eq. 2.4) as an inverse Fourier transform which
the center of the flaw to the involves integrating over both lk! and k . For thL'
tangent plane is the effective class of ellipsoidally shaped flaws, one can obtain
radius, re, discussed in the all relevant information about the flaw by inverting
text. each pulse-echo rec,,rd independently as discussed

below. "his avoids the angular integration over k
flaw, and the directly backscattered longitudinal in the inverse Fourier transform, and significantly
or shear amplitude is determined. The pulse echo simplifies the application of the algorithm.
scattering amplitudes can be written for an arbi- In order to illustrate how this simplifi,'ation
trarily shaped flaw as comes about, let us consider the weak scattering

limit. Then the theory of the last section is
A(k) = a(k,(U,})S(2k)k2 (2-1) rigorously valid and Eq. 2.2 becomes

Here S(2k), the shpae factor, is the Fourier trans- S(2k) = const. I4( 1
4

, k" (3.1

form of the characteristic function of the flaw.
The wavexector of the incident wave is denoted by We have used the fact that a(k,{;A) is a constant

and a(k,{s}) is a function to be calculated which in the weak scattering limit as a function of k
yields thecorrect scattering amplitudes A for an For an ellipsoid we know that S(2k) is given by the
arbitrary k. Here {p} denotes the material para- following equations

meters of the host material.

The virtue of writing the scatteting ampli- S(2k) = sin(2 k r 2 k r cos(2 k r
tudes in the form of Eq. 2.1 is that several e e e
approximate theories"'

J 
yield very simple forms for (2 kr (3.2)

the factor a(k,tw}). In particular we will use the e

form of a(k,{Jp) which can be derived from the and

extended quasi-static approximation. In that
approximation one takes account of the long wave- r = (a 2 2os"' .in' + a cos

leltgth elastic deformation of the flaw correctly, e (ax+ , s'! 4' 
+

and hence obtains the angular features of the + az sin"Il)l Y
scattering correctly in this limit. For the Here the axes of the ellipsoid are a = (a. aya

extended quasi-static approximation a(kI) i and t and 0 define the direction of k Il (a , ri)l
assumed to be independent of Jki and given by its co-ordinates. The angular dependence of the shape
loag wavelength limit which depends only on the factor comes in strictI) through the function which
direction of k, k, ano o. Jp). We denote this we have called r (',€). In a pulse-echo measure-
approximate form of a(k,{f}) as a (k,{p)). Using ment, the incident direction k is kept fixed, and
thLs approximation we rewrite equaon 2.1 as re is a constant for that set of data. We note fhr

a fixed incident d're'tion, Eq. 3.2 has the same
s(2k) z A(k)/(ka A (k,p))) (2.2) form as a Fourier transform of a spiere with an

effective radius r . For each Incident direction

Experimentally, can e obtained for an k ,w t ctin r I
e 

the following way. First we
araitrarily shaped obj&! by measurements of the ohtain Si2fkI) Yrom Eq. 3.1. W then extend S(24.
loag wavelength scattering amplitudes. In that to be spherically symmetric in k-space. Thus, we
linit S(2k) goes to a constant, and a can he obtain the three dimensional Fourier transform of
determined from the angularly depende &coeflictents a sphere of radius r (OT). This Fourier transform
of A is then inverted to yield the effective radius for

that direction. The resulting effective radius
a QsA(k,{U,}) - lim A(k)/k

2  
(2.3) (Eq. 3.3) has a simple geometric interpretation as

k-sO shown In Fig. 1. When a wavefront strikes the
surface, it Is first tangent at some .,0 point

Once a is obtained we can determine S(2k) from (which is an accumulation point for phase). TielSA

Eq. 2.3 via an experimental measurement of the radius r is the distance from the center of the
e
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I law to the plane of the wavefront. An important with a rectangular window extending from k=O to
consequence of Eq. 3.3 is that pulse-echo measure- k . Then we transform it back to r-space. 'lIt

maments along tile axis of an ellipsoid yield the axis remuxlting curves can then be compared to tile experi-
length directly. For example, a measurement along mentally determined characteristic functions and
the i axis yields an effective radius equal to thus servo as a calibration for the effects of
a . XHence, one can obtain the lengt'h of the ellip- blurring.
soid axes directly from three measurements if one Inverting tLhe puise-echo data for tl sphere
know.; the orientation of the ellipsoid. (0"ka<4) where a is the radius. We find a radius

So far we have been discussing the weak of approximately 400o with atn uncertainty of about
scattering limit for the sake of illustration. The 40,.. This should be compared to the exact value of
appropriate extension to the strong scattering case 401,,. The inversion of the spheroid data data
is straightforward. Eq. 2.2 is yields an estimate of the semi-minor axis of 220,.

with an uncertainty of about 201.. The exact value
S(2k) ' const. A(k)/(k

2
aQSA (k, L )) (3.4) is 200. We consider these results to he quite

encouraging. It is clear however, that considerabl%

For a given incident direction a(k,iet) is just a mere scattering data for other orientations of the
constant since it doesn't depend on ikl in the spheroids, for other materials ane for other types

approximation of volume flaws (e.g. inclusions) 'ill be necessaryquai-taicappoxmaio. Wththshefore the algorith~m can "be consi ed fully tested.
we recover Eq. 3.1 and can proceed in an approximate To talrexamne thee quesi e urn toste
way 4ith tile entire procedure which was given above. To partially examine these quest,,, we turn to tie

Of course for a strongly scattering flaw, our theoretically gonerated data of the cxt section.
analysis is only approximate and must be checked I
empirically. In tile next sections we provide some Void in Ti
empirical tests of the strong scattering limit. 1_

INVERSION OF EXPERIMENTAL DATA

We summarize the initial results of testing N]
the algorithm, in its simplified form for ellip. 7(r
soids, with experimental data. More extensive
results and a comprehensive treatment of both
experiment and data anal,'sis will be given in Ref.
7. We report results for a spherical void with a 0.5
radius of 400 microns, and all oblate spheroid with
a semi-major axis of 400o and a semi-minor axis of
20 0

. These were machintud flaws in the center of
large spheres of Ti-6AI-4V. Details of the con-
struction of the flaws and their use as calibration
samples are given in Ref. 8 and 9.

The simplified algorithm allows us to treat
each pulse-echo measurement scparately, and it ' 1
yields the distance from the center of the flaw to 0.5 1.0
the tangent plane of the incoming wa-efront. For r/o 0
the sphere we obtained a single pulse-echo record
which. suffices to determine the size of the flaw Figure 2. The calculated coaracteristic
due to its spherical symmetry. However, for the tunction for a 'spher icim void
spheroid we only examined tile pulse-echo record for of radlu s, a in titanium. The
a measurement along tile axis of symmetry.

Before presenting the results, we want to theoretical scattering ampli-

discuss two crucial details of the data analysis tudes with a bandwidth 0 ka ° o.

scheme. First, for sufficiently small wavevector,
k, tile phase of the scattering amplitudes must be INVERSION OF THEORETICAL. DATA
constant and zero. This reflects tie fact that the
real part of the scattering amplitude ri..es as k') The inversion algorithm was tested for the,
for small k while the imaginary rises much more different flaws in titanium using data generated
slowly. Tinis constraint on the phase allows ('lie to from theory. 'lie first flaw as a spi critai voiu
establish tile phase of the' xperimental data, which with O<ka0o. The second flaw was a 2-1 oblate
otherwise would not be entirely determin.d.1 The spheroid with O<ka-4 (whert a denotes tlie semi-
second point concerns the effects of limited band- in; or axis). The third flaw was .a 2-1 rolate
widths. A lack of low frequency data would leave pherold with O. kb'4 (here we define b is the semi-
the phase of the data undetermined as just Indi- minor axis). [ite sphere data was generated using;
catted. A lack of high frequency data causes the tie exact theory of Ying and TruelI and isotropic
characteristic function to be blurred, and this elastic constants for tit enrmm. The T-matrix in thod
introduces some uncertainty in determining tilt' size was used to obtain tie scattering apmplitudes fo r
of the flaw. In large part the effects of blrring the (40011 by 20),.) prolate and oblate spheroidal
due to the limited bandwidth can be overcome by an flaws.
appropriate calibration procedure. For tile simpli- The spherical f law Is considered i lrst. Ii :ui
flel form of the algorithm, tie analysis is carried 2 shows tilt chfaractoristic function obtalnd from
out In terms of equivalent spheres. The effect,; of the. Inversion procedure. Using the 50$ point to,
a limited high frequency bandwidth ten the charac- definc theic boundrv, we find that thl' ridiuu s is
ter1stIc function of a sphere can be determined in determne d to within about 5. We note that ti,
the following way. We consider the Fourier trans- inversiun procedure was tested for sensitivity ,
f.,,i 'f n sphere in k-space. We then bind-I mit it noise hor this spherical flaw acid lound ti,, he quitt

qi1



1.2

insensit ive. 7

The preliminary analysis of the spheroidal 1.0- .. ....................

data is confined to an approximate determination

of the semi-major and semi-major axes using the

simplified theory of section three. The simpli- 0.8 /

fied theory has the feature that a pulse-echo

waveform along one of the axes can be used to

determine the radius of an equivalent sphere

with the radius of that axis. In Fig. 3 we z 0 .6

show the characteristic function derived 
from

the pulse-echo waveform measured along 
the

semi-minor axis. Figure 4 is the equivalent 0.4 iD

1.2 ,0
12 0.2-

CALIBRATION

1 .0 ...................." ..................... 0l

0 200 400 600
radius 0.)

, T-MATRIX DATA Figure 4. Calculated characteristic

1 . ":function for the semi-major

axis of the prolate spheroid

"LBAIN using the theory data with I

0,4- CALIBRATION bandwidthl of Oka"4.

0,2-

0 40 8 120 160 200 240 ?90 1.00

radius (ti)

Figure 3. Calculated characteristic 0.8

function for the semi-minor

axis of the prolate spheroid

using theory data with a

resilt for the seml-major axis. Using these results 4

we obtain estimates of 420w and 
210o for these axes 0.4

com,)ared to the exact results of 400P and 200i. o .- EXPERIAENT

Similar results for the oblate spheroids are 360i.

and 210 compared to exact values of 400 and 200w. 0.2 x.. THEORY

In section four we calculated the 
characteris-

tic function fur the semi-minor 
axis of an oblate

spheroid from experiment. In this section we com-

puted the same result using scattering amplitudes 0.2 04 0.6 0.8 1.0 '.2 14

obtained from the T-matrix method. We now compare r/ro

both results (with a bandwidth O<kb,2). 
The results

are shown in Fig. 5, and the agreement is essen-

tially exact. 
Figure 5. The calculated characteristic

functions for the semi-minor

axis of the oblate. Theory

and experiment are compared.

Co N.C(LUS ION

We have presented an inversion algorithm lor

the intermediate scattering regime whi-n the siz,

of the flaw is comparable to the wavelength ol tiI

ultrasound. 'rests of the algorithm were per, rmed

for the case of spherical and sphvroilal voids in

litanium. Good results were obtained for tile Si7t

and shpae of the flaws. Thtes resllt s,;st thit

this algorithm mac be of practihal .se for thc ronu-
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destructive testing community in determining the
characteristics of volume type flaws n various

solids.
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DETERMINISTIC AND PROBABILISTIC INVERSION AT LONG WAVELENGTHS

J.M. Richardson
Rockwell International Science Center

Thousand Oaks, California 91360

ABSTRACT

In contrast with the scalar wave case, the scattering of elastic waves in the long wavelength limit
yields data containing a surprising amount of information concerning the nature of the scatterer. We
will consider both deterministic and probabilistic versions of the inversion problem pertaining to the
above scattering problem. The deterministic version provides theoretical insight into the "blindspots"
of an optimal inversion procedure in the hypothetical limit of zero measurement error. The probabi-
listic version is appropriate for the interpretation of real data containing errors and possible in-
consistencies. In the former category our discussion will start with a review of earlier results
obtained by Kohn and Rice, Gubernatis, and the author. Some new results dealing with ellipsoidal in-
clusions will be discussed.

INTRODUCTION by Budiansky and Rice.' A further advan-
tage is that the relevant stress inten-

Since the low frequency (long wavelength) sity factor is proportional to the 1/6
limit in the scattering of elastic waves repre- power of the scattering amplitude, yield-
sents a situation in which the limit of resolution ing thereby a substantial reduction of
is many times the size of the scatterer, one ex- variance in the estimation process, a
pects to obtain very little information about the fact emphasized by Kino.

2

nature of the scatterer, which is indeed true in
the case of scalar wave scattering in quantum me- Thus the low frequency scattering region has a
chanics. However, in the case of elastic wave number of attractive features, particular in the
scattering, a surprising amount of information context of NDE.' The disadvantages of this ap-
concerning the quasi-stationary elastic beiiavior proach are mainly associated with the extraction
of the scatterer can he deduced from scattering of the low frequency scattering amplitude from raw

data. scattering data, a problem that R.K. Elsley will
discuss in a later talk at this symposium.

Before considering the detailed results, it is
important to ask: What advantages would such an In the present paper, we attempt to give a
approach have relative to other approaches for de- cursory overview of the inversion problem associ-
fect characterization? The following points can ated with low frequency elastic scattering with
be made in its favor: emphasis on both deterministic and probabilistic

approaches. A purpose of the deterministic ap-

1) The theory of the scattering of elastic proach is to provide insight into the hlindspots
waves at low frequencies is well estab- that limit what properties can in principle he
lished for the case of ellipsoidal inclu- yielded by an inversion procedure using certain
sions and voids. Thus, the inverse scat- categories of input data, even when these data are
tering problem for this class of scatter- assumed to be perfectly accurate and available in
ers is quite trertable. At higher fre- any quantity (of course, within the restrictions
quencies, this is not the case. implied by the definition of each category). In

2) Low frequency measurements are sensitive the real world we must deal with noisy data in-
only to the overall shape and size of the volving incompleteness and near-inconsistencies
defect and not to small textural details. and here we must use a probabilistic approach.
This is also the information of impor- However, in the latter context, the results of the
tance in fracture (at least in metals). deterministic approach can have substantial value

3) Low frequency scattering measurements are in providing guidance about what kinds of infer-

particularly sensitive to cracks compared ences are possible froi a given category of data.
with other scatterers (e.g., inclusions These considerations provide additional motivation
of the same volume or even the same for the talk to be given by Fertig at the end of

area). In particular, the scattering the present session.
measurements are significantly more sen-

sitive to a large crack than to a number THE DIRECT PROBLEM
of small cracks with the same total area.

4) The elastic processes involved in low We consider a linear, nondissipative elastic
frequency scattering are intimately re- medium characerized at each point r ejx1
lated to those involved in the early e x2 + eIx3 by a mass density ,, + S (r) and an
stages of the fracture process (at least elastic constant tensor f + . ,, (r) (we use
in m st metals) as has been pointed out

*This research was sponsored by the Center for Advanced NOE operated by the Rockwell International

Sdience Center, for the Advanced Research Projects Agency and the Air Force !Iaterials [aboratory
under Contract No. F33615-74-C-5180.
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Greek subscripts to denote cartesian coordinate ct = (p/p)1/ 2  
(2.7b)

directions along with the usual summation conven-
tion). We assume that everywhere outside of the Since the scatterer is localized, we can ex-
scatterer domain D (see Fig. 1) the perturba- pand the scattering amplitudes in a power series

tions Sp(r) and 6 ^ .(r) vanish. Thus, the host in the frequency, namely

material is charace zed by the constant density
p and elastic constant tensor C where, in ac- * e 'i + ( i n

cordance with the assumption of fotropy, A e e n
nl-o

C Ay6= A 6y5 + 2 P I ays (2.1) The spatial localization implies that

in which A and u are the Lame' constants and 0 
= 
9, 

= 
0 for all e" and e (2.9)

1 aY6= 16 + 6y)(2.2) and thus the leading term is K2 W2. Since the
T aquantity in the time domain corresponding to A in

the frequency domain (i.e., the impulse response
the 4th order unit tensor appropriate for elastic function) must be real, it follows that the
processes. reality condition

s (e, =e(P, e' ) (2.10)

must hold and hence An is real if n is even and
imaginary if n is odd.

The higher order terms beyond A2 ') are negli-

gible if the frequency w is sufficiently low or

DOs equivalently the relevant wavelengths are suffici-
ently long. This is called the Rayleigh (or low
frequency) regime which is the sole concern of the
present discussion.

The main feature of the results of Gubernatis,
et al.,

4 
is that the coefficient K 2 is a linearFig. 1 Scattering geometry. function of the mass excess M and the D-tensor

0 ^o collectively representing all of the
At a poition r and frequency w, the displace- yloll

, cproperties of the scatterer determining the lowment field us=attred pa n accod ito frequency scattering behavior. If two different
incident and scattered parts in accordance with scatterers have the same values of M and 0
the relation then the low frequency scattering behavior wf be

ui + u . (2.3) the same. The mass excess is given by

3,
The incident part can be written in the form M = fd r S(r) (2.11)

ui [ e x i and the D-tensor byu =e e exp(ik 2e .r)

+ (- e e i) exp(ikte r)]a (2.4) D =y d
3
, & 6y, . 6( (2.12)

where e'i and e are the incident and scattered di-
rectionswhere r (r) is the stran proportionality ten-

unit tensor, a is the incident polarization and sor rela"Ng the strain c at i due to a uniform
where, finally, k, and kt are the wave numbers applied (or incident) strain F:, in accordance
for longitudinal and transverse elastic waves. In with the relation
the far-field regime, the scattered wave can be (2.13)
written in the form 6 B (6 (2.13)

__ *a-ge- [eS exp(ik r) + (f - ePeP) It is understood that the above relation is de-r, lr ;-)-rived in the quasi-static elastic approximation.

exp(iktr.K (ee (2.) It is of interest to consider the particular

where r = (Ir is the radial distance from an forms of K2 for the various mode-to-mode scatter-
origin assumed to be placed at a point inside the ing situations. However, for the sake of brevity
scatterer domain 0s. As usual, the longitudinal we will restrict our discussion to the case of
and transverse wave numbers are given by longitudinal-to-longitudinal (k-f) scattering

described by the scalar scattering amplitude
k =/c (2.6a)

kt  a/ct (2.6b) A2 ;,£ K

where the longitudinal and transverse propagation I I 
s  

i I s s ii
velocities are given by -= - R e M4 -e e 0 ye e

'2 ct cC l [( + 2 i)/pnI/  (2.7a) (2.14)

5,1 '
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In deriving the above result we have assumed that R y be represented by the bare symbaol B, i.e.,

a e , i.e., the displacement amplitude of the

incident wave is a unit vector pointed in the BaSy6 <=> B , (3.1)
longitudinal direction.

and the product of two such tensors by the
It is useful to break up the scattering ampli- correspondence

tude into parts that.are even or odd with respect
to the reversal of e or e . We accordingly B

(1 ) ,  
BY. <=. B B(2) (3.2)

define CiyS 6  y6

An essential part of our formalism is the trace

A (t) , *) operation (denoted by the symbol "Tr" defined by
2,1 e 

TrB = B (3.3)

A , -s -i 
c , 6 ', a

A2,7 . e i A (-e e The 4th order tensors invo:ved in our treatment
are assumed invariant to the interchange of the

A (;s , A2 first pair of indices and the interchange of the
S2,.(e- e , 121) last pair, i.e. B B etc. The inverse

B-1 corresponding fo"Y i y Ns defined by the
relation

It Is clear from an inspection of Eq. (2.14) that

A 2 depends only on the O-tensor and thus is B B
-  

B
- I 

B I (3.4)
c IfeA the elastic part. On the other hand
A-2  depends only on M and thus is called the where
inirtfal part.

I <=> (3.5)
We turn finally to a consideraticn of the

properties of O y0 . It is easily seen from where, in turn I is the 4th order unit tensor
Eq. (2.13) that VIds tensor must be invariant to defined by Eq. (2 f In actual computation, spe-
the interchange of a and 1. Also, Eq. (2.13) cial provision must he made to limit the above in-
implies that it can be assumed, without loss of verse to the "vector" space of 2nd order synmnetric
generality, to be invariant to the interchange of tensors. The str3in c a typical operand, will
y and 6. It can be proved with relatively com- be represented by the bare symbol
plicated arguments' that it is also invariant to
the interchange of as and yA. Therefore the D- In terms of the abbreviated notation,
tensor has the same invariance properties as the Eq. (2.31 can he rewritten in the fore
elastic constant tensor with respect to the 3
interchange of indices. D fd3r- (3.6)

Thus, the D-tensor has 21 independent elements where the correspondences to the previous indicial
(i.e., independent as far as the interchange of notation are obvious.
indices is concerned). Combined with M, this
means that there are 21 + I = 22 roperties of the It will be convenient to introduce the com-
scatterer .determinin low fre u"ncy scatteri pression projection tensor P defined by the corre-
behavior, a fact a s een independently noted spondence
by-Kohn--and Riceb and by the author. 1 1

DETE.- ,STIC PROBLPTHEflEER'1 NrsICINVERSEPOBEa(3)
which projects a general strain r into its iso-

There are two kinds of procedures for dealing tropic or pure compression part, 9mely
with the low frequency inverse scattering prob-
lem. As shown in scheme below, one procedure is Pr <=> I - .

to follow the scheme below, that is, I S c Y 0 'I 3.yY

where the scalar Quantity - is clearly the
Scattering * M, 0-tensor * Scatterer dilatation: lY
Data Parameters

u . (1.9)
start with scattering data and deduce M and the D- YY

tensor which in turn are used as the basis for The complementary projection tensor F I,, of
deducing whatever scatterer properties (or combin- course, defined by
ations of properties) are accessible. A second
and apparently simpler procedure is to deduce the I - P (3.10)
scatterer parameters (more precisely, the access-
ihle combinations) directly from scattering data. and projects a general strain into its traceless
We will use the first procedure in dealing with or pure shear part. The elastic constant tensor
the deterministic inversion problem in the present for an isotropic medium can now be written In a
section and the second procedure for the probabi- simple form, e.q., in the case of the host medium
listic inversion problem in the next section. we have

To simplify the treatment of the present sec- C 34' + ?,.I
tion, it is expedient to introduce abbreviated
notation. We will let a general 4th order tensor (31 * ? ?P , 2 F (3.311



We turn now to the question of how much infor- In the case of general inclusions in which the
mation concerning M and 0 cen be deduced from elastic property deviations represented by S are
various categories of scattering measurements, small in some suitable sense the D-tensor is given
The determination of the mass excess M is rela- by
tively trivial. For example, from Eq. (2.15a), we
get D = V . (3.15)

)e 1 e .e
1
M (3.12) Here in this case of small SC we encounter a situ-

4 oc£ ation that is analogous to the one characterizing

the mass excess M regardless of the value of 6p.

From a knowledge of solely the elastic partand thus, for example, a single pair of Z-t A +
L 

we can determine only the produce V6C and
scattering Teasurements with a single incident 2not4ing about the shape and orientation of the in-
s e an 1 s d clusion. This is the "blind spot" associated with

e =± (tuI = 1, e u * 0) will suffice. It has weak inhomogeneities (at least as far as elastic
been demonstrated by Kohn and Rice

5 
that a suffi- properties are concerned).

cient number of 1-Z scattering measurements pro-
vides enough information to determine the full However, if we have prior knowledge that the
D-tensor. inclusion is a member of a certain finite set of

possible inclusions, we can then attempt to match
We must consider the problem of deducing the the ratios

values of the scatterer parameters from a knowl-
edge of M and D. We will confine (with exceptions S _ D
as indicated) this discussion to the case of p -R (3.16)

ellipsoidal inclusions (with the void as a special to the corresponding ratios for the members of the
case) in contrast with the immediately previous above set (with suitable searches over orienta-
discussion which was valid for completely general tions of crystallographic axes if the inclusion is
localized inhomogeneities. not elastically isotropic).

Eshelby
6 

has proved that in the case of an In the category of strong inhomogeneities, we
illipsoidal inclusion a uniform applied strain encounter rather different situations. Here we
(i.e., a strain field that would be uniform in the assume that the elastic properties of the inclu-
absence of an inhomogeneity) produces a uniform sion are not all close to those of the host medi-
strain in the inclusion. Using this peculiar um. Here we restrict our attention to inclusions
property of the ellipsoidal geometry, one obtains with ellipsoidal boundaries. In the present cate-
the simple result gory, the void is an allowable special case, while

D = V(G + 6-)I (3.13) in the previous category it was not allowable.

Here, Eq. (3.13) is the fundamental tensor
where V is the volume of the inclusion and G is a equation, which represents a set of at most 21 in-
constant Steen's tensor given by the correspond- dependent scalar equations. It is then clear that
ence we cannot determine the scatterer parameters if

V1 3- 3 ( the inclusion has unrestricted elastic properties,
G<= V

-  f d r f d3i ' 
G r ( -r') (3.14) since then 6 then involves 21 parameters by it-

0s  Ds  self, and when this set is combined with the geo-
metrical parameters there are more unknowns than

where G P ) relates in the host medium equations. We are thus led to consider inversion
problems involving inclusions with greater elastic

the straI'ft r due to a stress applied at r . G symmetry.
is dependent only on the shape and orientation of
the inclusion and on the elastic properties of the In the case of an inclusion with isotropic
host medium. It Is independent of the size and (locally) material and ellipsoidal geometry, the
material properties of the inclusion. It also D-tensor is given by
possesses remarkable contraction properties, -1 -1
namely that TrGP and TrGl are dependent only on VD

-  
(G + 6C

-  
(3.17)

the elasticlproperties of the host medium. The
quantity%- , the inverse of the elastic constant where
tensor perturbation I, is of course a constant
and represents the elastic properties of the 8C (36x + 2p)e P + (26)'IF (3.18)
inclusion.

where, in turn, 6A and Av are the perturbations of
In the case of general inclusions (ellipsoidal the Lame' constants and P and P are the compres-

or otherwise) the mass excess is given by the sion and shear projection tensors defined by Eqs.
simple expression (3.7) and (3.10). Multiplication of Eq. (3.17)

successively by P and 7 followed by the trace
M V p (3.14) operation yields the relations

I-= -1I
where now io is the uniform value of density devi- (36h + ?Aij) VTrDI P - TrGP (3.1Q)
ation within the inclusion. 1hys from a knowledge

of solely the inertial part A iqe can determine -

only the product Vio and nothing about the shape 
5
(
2
6u) = VTrDPF - TrGP (3.20)

and orientation of the inclusion.



Since D is regarded as given and since TrGP and
TrGP depend only on the elastic properties of the
host medium, the above relations give the isotro-
pic elastic properties of the inclusion as a func-
tion of the volume V, as yet undetermined.

-If the inclusion has a spherical boundary,
then the G as well as 6C must be isotropic, i.e.,
it must equal a linear combination of P and P, and
therefore according to Eq. (3.13), D

-
1 must have

the same property. It then follows that TrD
1
P 22

and TrO
"1 

P represent the only information con-
tained in 0 and hence there is no additional in-
formation for determining V. This is the socalled
spherical "blind spot."

We have succeeded? in proving that in the case
of a nonspherical ellipsoidal inclusion of iso-
tropic material, the inverse problem can be Fig. 2 Characterization of spheroidal geometry.
solved, i.e., from D we can deduce the isotropic
elastic properties of the inclusion and the rele- Thus the vector z is given by
vant geometrical properties. This statement is
valid as long as SC is not too small in some a\
sense. The density deviation 6p can be determined z2from M via Eq. (3.14) because V is now known. z 

=  
z3 ) Y1 (4.4)

PROBABILISTIC INVERSION

As stated earlier, the probabilistic approach It is to be stressed that the Cartesian coordi-
to inversion is the appropriate one for dealing nates (x1 , x2, x3) are defined in the laboratory
with real experimental because of the several rea- frame of reference and have no necessary relation
sons we have already discussed. In the probabi- to the axis of symmetry of the spheroid.
listic version we will limit our attention to the
parameteric case, i.e., where each possible defect The definition of the stochastic model is
under consideration is defined by a finite dimen- completed by the specification of the a priori
sional state vector z. statistical properties of z and un and-Thcar-

acterized by the probability density (p.d.) P(z).
Let us model the possible results of the nth The measurement errors vn are assumed to be

scattering measurement (assumed in all cases to be Gaussian random variables with the properties
longitudinal-to-longitudinal) by the stochastic
expression: E v= 0

C 2
E n vn. = v nn(45

Yn 
= fn

( z ) + vn, n = 1 ... , N (4.1)

where E is the averaging (or expectation) operator
where Yn is a possible measured value and vn is a in the a priori sense. We assume that z and the
p9ssible measurement error. The function fn(z) is vn are statistically independent.
given by

Whatever is chosen for the criterion of per-

+ t formance of the extimation process, we must calcu-
in(z) = A2tLt (en' en ; z) (4.2) late the observationally conditioned p.d. of z,

namely P(zly) where

where A, t- is given , except for the inclusion y
of the vWctor z, by Eq. (2.14). The subscript n
added to e

s 
and e denotes the configuration used y (4.6)

in the nth measurement. In the case in which the
included material is known a rio , the vector z N
represents the geometrical proper tes of the void.
In the spheroidal case, we assumed as shown in A convenient estimate z(y) is the value of z that
Fig. 2 that the semi-axis lengths are denoted by maximizes P(zly).
a, a and c and that the axis of symmetry is given
by At the previous meeting of the present sympo-

sium series we reported8 on the application of
this inversion technique to spheroidal voids.

w e + ey +e (4.3) Estimates based upon theoretical and experimental
S + 2Y2 3 1 2 test data were in excellent agreeinent with the

known properties of the scatterers.
where e, e2, and e3 are the unit vectors in the
xj, x2 , and x, directions and where Yj and Y2 are In the later talk to be presented by rertig,
the direction cosines associated with the this methodology will be extended to the case of

x, and x2 directions, inclusions (with the void regarded as a special
case) in which the inclusion type is not known

' 18



apriori. In the case of spheroidal geometry this QUESTIONS AND ANSWERS
entil~ireplacing the four-dimensional vector z
given by (4.4) by a five-dimensional one in which Mr. De Facio: We have time for a couple of
the fifth conuonent is a discrete-vaslued variable questions. Be sure to identify yourself and your
labelling the inclusion types. institution.

James Rice: Yes, Rice, Brown University.
REFERENCES John, you talked about some of the weaknesses, the

blind spots, but what specifically?
1. B. Budiansky and J.R. Rice, "One the Estima-

tion of a Crack Fracture Parameter by Long Mr. Richardson: The blind spots are obviously
Wavelength Scattering," Trans. ASME, J. Appl. some of the weaknesses. The additional properties
Mech., Vol. 45, pp. 453-454 (1978). that will be discussed by Fertig will compensate

2. G.S. Kino, "Measurement of a Crack Stress for the blind spots. The other weaknesses have to

Intensity Factor," informal report. do with experimental problems, i.e., extracting A2S i ept.t (1977)from the raw data. Elsley will discuss that in
Sept. (1977). some detail tomorrow, but I will mention here that

3. R.K. Elsley, J.M. Richardson, and there is a problem of signal-to-noise when you get
R.B. Thompson, "Determination of Fracture down to the low frequencies. There is also a
Mechanics Parameters from Elastic Wave problem with spurious propagation effects getting
Scattering Measurements at Low Frequencies," in the way. You need a rather big time window to
Interdisciplinary Program for Quantitative get enough of your signal in there to get an
Flaw Definition, Semi-Annual Report accurate A2 out. Those are some of the
(Jan., 1978). difficulties.

4. J.E. Gubernatis, J.A. Krumhansl, R.M. Thomson, Jack Cohen: You also listed the insensitivity
"Interpretation of Elastic Wave Scattering to surface structures as a strength of the method.
Theory for Analysis and Design of Flaw Char- It's also a weakness, if the surface structure is
acterization Experiments: I. Long Wavelength what you're after.
Limit," Los Alamos Scientific Laboratory
Report, LA-UR-76-2546 (1976). Mr. Richardson: Well, it turns out that the

5. J.M. Richardson, "Scattering of Elastic Waves fracture is also somewhat insensitive to textural
in the Rayleigh Limit. I. The Direct lefects.
Problem," to be published.

Mr. Cohen: In ceramics, you worry about the6. W. Kohn and J.R. Rice, "Scattering of Long surface area.

Wavelength Elastic Waves from Localized

Defects in Solids," submitted to J. Appl. Mr. Richardson: Your point is a good one. In
Phys. fact, in my talk tomorrow I will talk about one

7. J.M. Richardson, "The Inverse Problem in case where the failure model for ceramics is one
Elastic Wave Scattering at Long Wavelengths," in which peripheral surface cracks are the cause
1978 Ultrasonics Symposium Proceedings, IEEE of failure and in the low-frequency measurements
Cat. #78 CH 1344-ISU, pp. 759-766. you cannot resolve any of this information - and

of course, it's very valuable information to have.8. J.M. Richardson, "Direct and Inverse Problems So, your point is very well taken. I was thinking

Pertaining to the Scattering of Elastic Waves o or in sfractur e tas n I c aics,

in the Rayleigh (Long Wavelength) Regime,' of ordinary fracture in metals; in ceramics,

Proceedings of the ARPA/AFML Review of youIre quite right.

Progress in Quantitative NDE (July 1978), pp. Mr. De Facio: Thank you.
332-340, Jan. 1979.
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SUMMARY DISCUSSION
(J. Richardson)

James Rice (Brown University): John, you talked aboul some of the weaknesses, the
blind spots, but what specifically --

John Richardson, The weaknesses had not -- the blind spots are obviously some of the
weaknesses, and the additional properties that will be dis'ussed by Fertig to
compensate for the blind spots, but the other weaknesses have to do with experi-
mental problems, extracting A-2 from the data. Uf course Elsley will discuss that
in some detail tomorrow, but I will mention there is a problem of signal-to-noise
when you get down to the low frequencies. There is also a problem with spuricus
propagation effects getting in the way. You need a rather big time window to get
enough of your signal in there to get a reliable A-2 out. Those are some of thu
difficulties.

Jack Cohen (Denver Applied Analytics): You also listed the insensitivity to surface
structures as a strength of the matter. It's also a weakness, if that's what
you're after.

John Richardsont Well, it turns out that the fracture is also somewhat insensitive to
textural defects.

Jack Cohen, In ceramics, you worry about the surface area.

John Richardson, Your point is a good one. In fact, in my talk tomorrow I will talk
about one case where the failure model for ceramics in which peripheral surface
cracks are the cause of failure and in the low-frequency measurements you cannot
resolve any of this information. And of course it's very valuable information
to have. So, your point is very well taken. 1 was thinking of just ordinary
fracture in metal. In ceramics, you're quite right.



ULTRASONI C CAt;T ' 1 r
.

P. A. Doyle
Aeronautical Research Laboratories

Melbourne, Australia

This paper explores theoretically the possibility of using caustics, formed in the ultrasonic field
diffracted by defects, as an approach to the inverse scattering problem. The case of crack-like
defects is considered in detail, using the geometrical theory of diffraction.

The involute of the far field caustic reproduces the projection of the crack -age in the incident
beam direction, 'or a plane incident wavefront. This purely geometrical inversion is carried out
uniquely for the astroid and its involute, the elliptical edge. For a general edge shape, the comilete
inversion requires one further length measurement, which may be carried out in some cases by furt er
experiments with caustics. Useful limitations on the possible slapes of caustics are explained on the
basis of catastrophe theory. Jalculations show that the inherent intensity-level change (.-2-3 d B)
and width ( - wavelength) over w!:ich it occurs for a t:pical ultrasonic caustic are adequate for
observation. Some discussion is given of experimental req-tirenents, as well as of caustics forIed in
the near field of a crack and of those formed by voids and inclusions. nhe topology of the far field
caustic cannot in f-eneral distinguish between volumetric and crack-like defects. Studying caustics may
prove to be a useful adjunct to ultrasonic imagin, syste7:,s for the inspection of fatigue cracks.

I':::,_UIC! For large -, (3) can be evaluated by the

;ecertly, attention has teen -iven to the stationary phase method, which states that the
t',eoretical inversion of' ultrasonic scatterin,7 dominant contributions to u.(t)come from points on

dlata (1-4), so that the characteristics of the the edge where the derivative 01 if ' is

ocatterin- sin-ularit: car: -e identified. 311s the angle cetween the incident ray and the tangent

a ,r will explore t.e possibility of using to the edge at 5 (Fig. 1) the field at is

are the envelopes of rays due to rays which satisfy the condition

T'ifracted by the defect, for tihis inversion. ' ) - --
aut;;ics lie in or near the geometrical shadow 4)- - - O

of tne ,ef ct; "hey also occur, in principle, Te envelope of these cones of rays, which is the
t .bac -scattered field, though this region caustic surface of the singly diffracted rays,

in not studied here because of the anticipated satisfies (4) and also theequation
lower cortrast, an; te likely experimental - ) c_-) ) 0,
c-piCa ions.- . -( - 0

?: Q:Y where K is the principal normal and is the
radius of curvature of the edge at 5 . hqn.

n .catterlnr of nip. freq';ency ultrasound (5) corresponds to the coalescence of two

inefects ca! ,e iescrihed by t;,e feometrfcal stationary phase points along the edge. In the

t,.eor:., of d"'"ra-:tio'. 5,. ;is theoz," g7ives far field, !->qns. (4) and (5) (which describe the
. P a-s7ptotic wave a:lit: w, iiFracted to a caustic surface) reduce to those defining the
f*1 ;,on t fro- a point x on the edge of a caustic surface produced by the projection of the

cr'tck as a :res it. ;eor,,asin,- powers of t:.e object in the incident beam direction (5). Using

.W." ... !'e , . :..C firs" and nont important j- to denote this projection, the far field

t'r" is catustic is then defined by

wmore 7 - . measures arc le'gth alonr the (7)
1,e, i- -t a li.t'e Factor, and Y is the -
Istat t "r- t'r ,'!r to the caustic along" the

ra, 'i,. .). I, f //(,is the phase o" the .:qn. (7) shows that the far field caLtic contains
i- Idert .."Avc at $ the evolute of the projection of the edge, i.e.

the locus of te centres of curvature of points

*( < ,(C) . r (2) on this projection. qn. (6) shows that the far
7f ,ore t'an one ,eoetrical ray path passes from field castic surface is a cylinder with gener-
.,dc ;rin% throtu' . *pI) should he replaced ators in the incident beam direction, so the', in

b- a su. ' M 4e Tien near the caustic, the classical limit .--. for which these inter-
(Y+ . - -I an' n sould be replaced by a pretations strictly hold, all far field cross-
t; erpositia-- of plar wraves (6) sections are identical. Tlerefore, if ther( ) e i io- ' of p# Fq () ]geometry of the far field caustic in ultrasonios,A ) L 'Q € , , - t (3)



can be observed, te shape and, in some cases, the 0 sing, witn the i resnet
size (as discussed celow) of the crack projection formulae, it follows t!At " for cusps in
in tne inciuent bear direction can be found simply the far field caustic, i.e., cusps occur when the
by constructing the involute of the cautic. curvature or radius of curvature of the
Because (6) and (7)are independent of - , the correspondirng points on the projected edge is
geometries of caustics formed by S and I waves are extremal. Also, the c.sp is normal to the edge
identical, so that the present scalar wave analysis at this correspondi:g extremal point.
is adequate for waves in solids as well as in
liquids. L.C(:.'!K!2TTtN ,F , ' w2P< :Ia C J2T

I Incident ray 'onsiiJer firstl:- a tiffracting edge whose
projection is an ellipse witr. principal axes
2a and 2b. Then, the cross-section of the far
field canstic will be the evolute shown in Fii-. 2,

Diffracting edge which is an astroid. Conversely, when the caustic
is observed to be an astroid, it Js immediately
iknown that the edge projection is elliptical.

If the distances between the two pairs of opposite
cusps are measured as ZI. and -. )14 , it follows
from the equation of the'astroid that the major
axis of the ellipse is -L -5-).
and &/. = . Since the cusps are normal
to the tangents at the corresponding extremal
points on the edge, the ellipse is oriented as

I shown in Fig. 2 wit its major axis parallel to
the line T* , between: the closer pair of cusps.
Thus it is actually not necessary to observe the
complete caustic in this simple case-only the
positions of the cusps in the rectangular array
are required.

C 3

y

Fig. 1 The cone of rays diffracted from the
incident ray at the point x (s) on the edge, and the

geometrical definition of parameters used.

Any theoretical limitations that can be placed
on the possible shapes of caustics would greatly
assist their identification. For this purpose,
we adapt the application of the catastrophe theory
of THOM (7) to wave phenomena (8). Because the
local description of the crack edge requires only
one parameter (s), only ouspoid catastrophes are
generically ('typically') possible for edge
diffraction. Since the far field depends on two
co-ordinates (control parameters), only elementary
folds, which appear as ordinary points of the Fig. 2 An elliptical iffractini- edrv an c
caustic, and cusps, can occur. It follows that correspondinr" far field caustic. 7is "i,u-re
the far field caustic produced by diffraction from represents a superposition o' the -paces n" t.-
a purely convex edge projection consists of a edge projection and of the far field !if 'aoti,
closed line interrupted only by cusps. Departures pattern, drawn on the same scale. 71e two sp
from this rule can occur by accident or by lying alon" the 7ajor axis are alwa..s inside t e
symmetry, but are unlikely for diffraction by geometrical shadow; the other two cusps an, ont-.syuntryth e shadow for ellipses having-ecce: tricit'?'4 .
real cracks. In the near field, the next cuspoid t l

catastrophe (the so-called 'swallow-tail') is The dashed lines indicate all ray s cortributi P to

generically possible, though likely to be difficult the field at point P, as discussed h-low.

to observe in ultrasonics because of the compressed i t - the i
formIt is useful to construct the involut f h

fstroid in another way, based on the knowledre tat
the caustic is the locus o' centres of curvatire

Cusps correspond to the coalescence of three the edgei iathe a s tret on the

,-eometrical rAy paths, or three stationary phase of the edse. Jotine a string set aloC) the

points on the edge projection, which occurs when inside of the section -i:2 of tne astroH iv.
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and extending beyon T2 in the direction of the
cusp by a distance equal to the minimum radius of
curvature of the ellipse, which is known from thecaustic to be 4- - . Unwinding

th~s strinrg traces out the'firse quadrant of the
ellipse. :Text, winI tfic string onto the section

o f the astroid to produce the second quadrant
of tie ellipse. 1roceedin clockwise around the
astroid ani alternately winding and unwinding in
t:nis way,, th;e complete ellipse is ger. rated in
a:, articlock"Iise sense.

dome special cases of the ellipse are of
interest. For eccentricity e - I , _ a. so
that -- .s , i.e. one pair of cusps extends
I -',-rally to in!'inity and is not ,utrved. There-
ure, tilting the object about the axisof the eloser

pir of cusps enables direct measurement of the
major axis, since the two remaining cusps become
coincident with the ends of the narrow shadow
boundary. Also. for c-- - , the edge approaches
a circle and '5, - , giving the diffracted
spot at the centre of the shadow, which is well 3(b)
known in optics to have an intensity equal to that
of the incident beam. Observition of such a Fig. 3 Distorted ellipses with their correspondi
degenerate caustic imnediately gives the projection caustics.
of the diffracting edge as being circular. This (a) One side of the ellipse more eccentric than
Particular case is not described in the classific- the other.
ation given by Thorn's theorem, because of its high
s:mmetry. 1he size of a nearly circular defect (b) One minimum of curvature shifted from the

may be found by tilting the specimen, giving an sxmmetrical position.

elliptical projection whose caustic is an astroid If the edge projection contains a concave part,
of convenient dimensions, the caustic will appear discontinuous, since it

dome other examples of caustic/diffracting extends to infinity at points of inflection.
edge pairs can be generated from the ellip igure 4 shows an ellipse 'p)ressed in' at one end,

case. If one side of a distorted ellipse is and the corresponding caustic. Note tht the

flatter than the other, a caustic will result which intensity of the caustic tends to zero far out

has two Pairs of cusps arrayed at right angles, along those sectionewhich are asymptotic to the

but not symmetrically (Fig. 3a). Again, if normal at the points of inflection, because the

an ellipse is distorted by shifting one turning density of contributing ray paths then approaches

point from the synmetrical position, the cusps zero. Therefore, only a limited part of the

will no longer be directed as two opposing pairs caustic will actually be observed. A less severe

at right angles (Fig. 3b). Nevertheless, the depression in the end of the ellipse will produce

directions of the tangents at the turning points the cusp marked D further away from the rest of the
are immediately known by inspection of the caustic, caustic. A 'flattened end' on an ellipse which

is nevertheless convex will give a caustic section
as a closed line containing six cusps. Three of
these cusps coalesce into one as the distortion
of the ellipse is reduced to zero, again producing

the simple 4- cusped astroid.

Involuting the far field caustic gives the
projection of the diffracting edge in the incident
beam direction. The orientation of a planar
defect in three dimensions could be inferred from
several such measurements involving different

the variation of the caustic pattern as the plane
of observation is moved into the near field: the
special case of normal incidence produces no change

of the caustic in this region. Identifying this

behaviour defines the normal to a planar defect.

3(a)
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ultrasonics will depend on their width as well as
their intensity relative to the background4 in
their neighbourhood. These properties will be

B studied by considering a particular but typical
case, viz. normal incidence of a plane wavefront

e on a planar elliptical crack. Calculations will
be made for a point on the caustic which lies wit!:in
the geometrical shadow of the ellipse; the

\ /contrast will be low for arny part of the caustic

a Ad D /which lies outside this shadow in the tright field
A of the incident wave.

Referring again to Fig. 2, te coalescence
of two stationary phase points at 0 . , for

C \ example, contributes to the caustic surface alon,-
a line which projects into the astroid segment

bC 1 C2 at point P. In addition, these rays from

0 =r/ 4- contribute as from an isolated statiorary
point to caustic segments in the first and third
quadrants, respectively before and after passing-

An ellipse 'pressed in' at one end, and through the caustic. Equivalentl,, there are two
'isolated# contributions from the fourth and

Ji-s corresponding caustic. The association second quadrants to the field at all points along
between cusps and turning points is indicated by the caustic line through 1'. The question then
letters. The pattern in the region marked X is reduces to a comparison between the intensity on
a superposition of elementary fold catastrophes, the 'bright side' of the caustic the inside of the
and should not be mistaken for a section of some astroid), to which four rays contribute includinr
higher catastrophe, two which coalesce, and the intensity on the 'dark

side' to which two rays contribute.
Any smooth, purely convex closed shape has an

even number of turning points, since maxima and Table 1 lists results of calculations which
minima of curvhture must alternate in circuit, make use of the stationary phase evaluation of the
Therefore, there is an even numher of cusps in diffraction integral for the isolated contributing
the caustic which is itself a partial check on an rays at point P, and the transitional approximation
experiment. The diffracting edge projection is for the coalescing rays. These results are for
normal to the cusps at the points of extremal the caustic 100 mm behind the ellipse (a, b) =
curvature, so the orientation of the projection is (10,7.5) mm at 10Hz for water and for ty.pical 1
known by inspection of the cusps. 2dge project- and 2 wavelengths in steel. C is tie maximum
ions corresponding to caustics of four, six, ei jht contrast, defined as the ratio bRthe intensity at
or higher even number of cusps can be constructed the first peak of the Airy fringes which 'clothe'
by alternately folding and unfolding each caustic the caustic on the bright side, to the intensity on
section in turn, just as was done for the ellipse, the dark side. C represents the contrast
For this general case, there is no representation predicted by averagYng over the first two fringes.
of the caustic in terms of elementary functions as The spacings of these fringes in ultrasonics are of
there was for the astroid. Therefore, the radius the order of the wavelength'1N , which is also
of curvature at one extremal point cannot be an estimate of the resolution that can be ac;:ieved
deduced simply from the spacing of cusps, and a in any scanrning or imaging s:stem which may be use!
different method must be sought to achieve a unique to observe caustics. Therefore the Airy fringes
reconstruction, will not readily be observed in ultrasonics,

particularly when broadband transducers are uspe ,
Since the cusps corresponding to minima of '04) so C gives a more realistic estimate o' th'

are less sharp than those corresponding to maxima expected caustic contrast than gie The c..

(e.g. see the ellipse of Fig. 2), it should be of intensity level - 2-d. in tffe 1 n rc
possible to identify at least one cusp correspond- observabl]. The widthsd over wl:ici. these chan-es
ing to a minimum off(s), say . Beginning occur ' t\ or slighYly greater, whic is also
with this cusp, and assuming particular values suitable for observation.
for , , a one-parameter family of possible
involutes of the caustic can be generated. It Water ;reel (:;) r'teel (P)
then remains to choose the correct involute from
this set. One technique suitable for planar (m) 0.15 0.30 0.60
defects would be to tilt the object about an axis
between two approximately opposite cusps, whose C-ax 3.12 2.(8 2.32
spacing would then be asymptotic to the length of (dB) (4.94) (4.28) (3.6h)
the narrow shadow boundary. This procedure I
enables direct measurement of one length in the av 2.02 1.7Q 1.64
diffracting edge, whic:n is sufficient to select (dR) (5.04) (2.56) (2.14;
the correct involute. If one lengthi in the edg7e d 0.37
can be deternined by a different tec.nique, as is w  (mm) 0.24 0.60
possible for some objects using ultrasonic Table 1 Intensity changes across the caustic
spectroscopy, the desired involute can again le at point I expressed as a ratio and in d5, and
chosen from the set of possibilities, caustic width, listed at 101'z for the section

CAL UL,.THRD CUF 7hA;T 1O0 mm behind an elliptical crack havink- semi-

The ease of observation of caustics in major axes (a,b) = (lo,7.h) mm.
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field by rotating the specimen.

A situation similar to the above occurs for
Thus far, this paper has assumed a plane voids, for which umbilic sections in the near field

incident wavefront. Tf this wavefront is curved, result from the decay of creeping waves, but these
as for examzple from a point source, the inter- are not likely to be observable. The far field
pretation of the caustic is more complicated again consists only of elementary folds and cusps.
because its geometry depends on the curvature An important singular case is the spherical void,
of the incident wave as well as on that of the which gives a point caustic at the centre of its
edge. Nevertheless, the caustic is just as sharp shadow for all orientations. This case is not
and easily detected. The most important factor described by THOM's theorem because of its high
experimentally is to tailor the incident wave to symmetry.
minimize the angular spread of wavelets incident
on a single point on the edge, since tnis spread A more detailed account of this work will be
smears out the caustic, published elsewhere.

One approach to forming the incident field ACKNOWLE:DGEDErENT
would be to use a focused ultrasonic probe, with
its minimum soot set at the back focal plane of The author thanks DAPJPA and ' CRI for support
an acoustical lens to produce the convenient to attend this Review.
(tnough not essential) plane wavefront.
Alternatively, the minimum sDot could be produced REF; RKNE;
by a normal probe together with another acoustical
lens, which in practice can reduce the width of 1. Majda A 1976 Comm. Pure and Appl.
the generated sound field to the order of hN (9). Faths. 22 261-91
nther aoproaches may be to exploit either the
direct production of a plane wavefront from a 2. Bleistein IT and Cohen JK 1977 J. Math.
piezoelectric plate (10), or the low divergence of Phys. 18 194-201

beams of Gaussian cross-section (11). Ultrasonic 3. Whalen MF and Mucciardi A*, 1978 ARIA/
point sources of diameter 10 Mmw' or less have AW'L Review of Progress in ,luantitative
been generated using lasers (12) and,at the expense F'0iE, to be published
of complexity, these sources appear must promisina
for observing ultrasonic caustics. An initial 4. Achenbach JD Ga ;tesen AK and cMaken 1{

demonstration of ultrasonic caustics may be most 1978 in Elastic Waves and Non-destructive
easily carried out in the near field, since the Testing of Materials Ai i Vol 29 53-52

lateral smearinz would increase with distance from 5. Keller JB 1957 J.Appl.Phys. 28 426-44
the defect. For the actual observation of the
dif racted field, any scanning or imaging system 6. Ludwig D 1966 Comm. Pure and Appl.
with sufficient resolution could be used. Maths. 12 215-50

7. Thom R 1975 Structural Stability and
The caubtic pattern is found in and near the Morphogenesis (Reading Mass:Benjamin)

geometrical shadow, and its dimensions are
typically comparable to those of the defect. 8. Berry 1SV 1976 Adv. in Physics 25 1-26
Therefore, the study of these patterns is not seen 9. Knollmann GC Carver D and Hartog JJ 197P
as a means of improving the resolution of imaging Materials Evaluation 6 41-7
systems. lie advantage may come in dealing with
def'ects which, though sufficiently large, produce 10. Lakestani F Baboux J^ Fleischann ! and
images that cannot be easily interpreted. For Perdrix M 1976, J.Phys.D. : Appl.
exarple, an image of a fatigue crack can be Phys. 2 547-54
co;,:licated by specular reflection from facets on
t.e crr-ok Paces and by penetration through regions 11. Martin FD and Breazeale Fl, 1971 J.Acoust.
of crack closure. However, if the edge itself is .;co. Am. _4 1668-0
opaque to ultrasound, as may be inferred from 12. Nallozzi TJ Fairand BJ and Golis MJ 1977
st;dies of the crack tip in Al alloys (13), the Research Techniques in Ton-destrctive
caustic will still be formed. 'False' edges Testina Vol. 3 ed. ,harps RS 481-93
'or-red at regions of closure are much smaller than (Academic Press)
te true edge, and would give caustics which
were smaller a.d either unrerolved or else easily 13. Bowles CR 1979 Delft Univ. of Technology

disting,ic!ed from the caustic from the true edge. Dept. of Aerospace hngineering Report 1.5-270

In tohe near field of rays transmitted by a
'uli. or liquid filled inclusion, it can be shown
ta;t the caustic sections described as elliptic or
ypei:olic umbilics are expected, though these are

li::eiy t, ie -asked by diffraction effects and
exp.eriniental smearing. In the far field, again
onl ele.entary folds and cusps are generically
pos nile. Therefore, the topology of far field
ca.s tcs ca;.not distinruish between inclusions
and planar defects. This result does not hold
ir the orientation of the specimen is regarded as
a; adlitional accessible control parameter in the
sonle isc~ssed in (8); then, singular umbilio
sactons can in principle be produced in the far
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SUMIMARY DISCUSSION
(P. A. Doyle)

Brian DeFacio (Session Chairman-Ames Laboratory): We have time for a couple of
questions. Let me ask one. i thought I remember there was a dilation or change
of scale between the star in the middle and the ellipsoid. Is that wion,'.

Peter Doylet You mean the ellipse, the figure?

Brian DeFacio: And the caustic imposed. Is it uniquc, or is there a dilatation
involved?

Peter Doyle, You're worrying that the caustic is smaller

Brian DeFacio: I'm worrying that outside some minimal ellipse I can put some family
of ellipse around --

Peter Doyle: We end up with a family of ellipses, or more general shape. We end u
with a family starting from the small size right up to the big size, and wc have
to make it one length. Does that answer your question?

Brian DeFacios Yes.

J. D. Auchenbach (Northwestern University): I'm not an experimentalist, but I'm a
little bit pesimistic because it seems that you would have to scan the whole
field to detect the position of these caustics, and particularly since experi-
mentalists work in the time delay, as a wave starts to move back and forth the
position of caustics also there is an evolution in time. If you have a crack,
of course, the edge diffraction will produce one in three dimensions, the surface
in space. If it isn't normal. Then if surface waves start to propagate over
the surface of the crack, they produce another system of diffracted waves which
in turn produces its caustic. Uf course the intensity decreases as time goes on.
All this takes place as time evolves. Since you have to be everywhere in space
because you have to map out a number of points to get back to this caustic, it
all seems to be a difficult problem.

Peter Doyle: It takes too long to date out, but this is the caustic of the singly
diffracted wave. And that will turn up in the g eometrical shadows. There is no
way to look for that. The point is, caustic is not really scattered waves, which.
is maybe a surface wave in the meantime. They turn up in different directions.

J. Auchenbach: That may well be so, but, see, you don't know in advance where to look.

reter Doyle: I have a beam coming down here, and whatever orientation is, it's over
in the shadow. You don't have to know that. The orientation. It's the pro-
jection of the edge that you learn about in the farfield projection of the edre
and the incident beam direction.

J. Auchenbach, You don't know in advance where the crack is, and the crack is very
small. You know the incident beam, but you don't know the shadows on it.

Feter Doyles I should have said we assumed we know where the crack is. We're trying
to find out how big it is, its shape arid size.

K. K. Galveston (SMU): Unless you work at extremely high frequencies, the tri ht sptts
on the disk are within the boundary layer of the shadow boundaries, arid so the
hole will get smeared out urless you're using, high frequencies like in tire epti(c2
range, where they have the class of experiments where you can actually ee them.
In the elastomagnetic case, you're working at three, four. five -- what is it'.'
Wave number three, four five or something like that. And the boundary is computed
from the edge and will smear out the causticzs involved. Especially if you have
bright spots inside the crack.

Ieter Doyles Une particular case of the degenernlive caustic is the case of a
circular crack.

K. uaiv4:stons But even then the same thing, happens, the bright spot gejts smeared out
of the boundary layers.

epter Doylpe It's riot an easy experiment, but this is a proposal.



P. Doyle (continued discussion)

K. Galveston, You have to have a frequency range within (inaudible).

Peter Doyle, These populations are only ten megahertz.

K. Galveston: They are only valid if you include the effect of the boundary layers,
the shadows. You have to include the effects of the shadow boundary. That
boundary layer also has to be included in the calculation because they coalesce.

Peter Doyle: Most of the caustic won't be at the shadow boundary. The most important
feature is the cusp.

J. Auchenbach, I think if you know where the crack is -- I discussed this a couple
of years ago with Wolfgang Sachse -- I don't know if he is around here. If you
know where the crack is, I think -- I don't know. You were going to try it.

Wolfgang Sachse (Cornell University), I was going to tell that, but I guess I wanted
to let them finish. I had a couple undergraduates about three years ago try this
experiment of having a circular disk approximately six inches. We also tried four
inches, eight inches in diameter. And we were moving a 40 kilohertz transducer.
This was in a large room. And they were measuring the amplitude as a function
of distance behind the disk. They were mapping out an XY grid behind the disk.
And the only configuration of obstacle in which we were able to see some really
significant intensity, if you will, variation behind it was the disk. And in
that case -- I don't have the slide with me, but in that case I remember that
we had a very, very bright spot behind-the disk. We also did ellipses, various
shapes. In fact, we used the same technique that this 1908 paper used to make
the ellipse. But we got some results. But you really had to use your imagin-
ation to say there was a bright region in a particular -- behind the disk, behind
the ellipse.

eter Doyle, Could I make one comment to that -- The K.A. value in that case worked
out -- as a matter of fact, ten short of some experiment (inaudible).
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INVERSE SCATTERING AT LOW AND INTERMEDIATE FREQUENCIES

K.W. Fertig and J.M. Rihardson
Rockwell International Science Center

Thousand Oaks, California 91360

ABSTRACT

In this paper, we address the inversion problem in the scatterinq of elastic waves from scatterers
using a probabilistic approach. This work extends that of previous efforts in that it considers a wider
set of input measurements and a wider class of possible defects. For a gijen transducer arrangement, the
input measurements involve the coefficient A2, which characterizes scattering at low frequencies, and a
second quantity that is related to the distance from the center of the scatterer to the front face tanqent
plane perpendicular to the direction of the incident beam. The first propety is deducible from low
frequency scattering data and the second from low and intermediate frequency scatterinq data. These
properties are determined for a set of transducer configurations. The class of pnssible scatterers now
includes a finite discrete set of possible inclusions as well as a void. The boundary geometry is assumed
to be ellipsoidal. In the probabilistic approach we start with a statistical ensemble of scatterer
properties and measurement errors and then remove the members inconsistent with the scatterinq data
obtained from the measurements. The best estimates of the geometrical properties and inclusion types
(with the void regarded as a special case) are then the average or most probable values of these properties
in the resultant reduced ensemble. These estimates are accompanied by several types of confidence
measures. The behavior of the inversion algorithm using theoretical test data, both noiseless and noisy,
was studied by computer simulation.

INTRODUCTION The possible results of scatterinq measurements
(including post-detection processingj) are repre-

In a previous report(l ) we discussed the inverse sented by the stochastic matheniati(al model
problem in the scattering of elastic waves from
voids at low frequencies (i.e., the Rayleigh y h((x) + ,
regime). Here we consider an extended version of

the inverse problem in which a wider set of types where y and , are N-dimensional vectors whose or -
of measurements and types of scatterers are ponents are the possible measured values and mea-
assumed. Namely, we consider a set of measurements surement errors, respectively. The ve(tor fun(tion
that includes the low frequency scattering ampli- hg(x) qives the error-free values of measurements
tudes as before but also the distance from the geo- that would be obtained with an ellipsoidal scat-
metrical centers of the scatterer to the front-face terer with in(lusion type g (g 1,---,G) and ;eo-
tangent plane, a property deducible from the low and metry defined by the n-dimensional state wc tor x.
intermediate frequency characteristics of the scat-
terinq amplitude. As before a diversity of lonqi- We consider two types of measurements and thus
tudinal-to-lonqitudinal scatterinq measurements are it is appropriate to write
considered but this time ittention is limited to the
pulse-echo type. The set of possible scatterers has
been extended to in(lude a specified discrete set of y (2.?)
possible inclusions as well as a void. As before,
the boundary geometry is assumed to be ellipsoidal,
although the actual calculations were performed for / l\
the oblate spheroidal case. )

As before we pursue a probabilistic approach in
which we start with a statistical ensemble of scat- h
terer properties and measurement errors and then h l
remove the nembers inconsistent with the scatterinq g \h /
data obtained from the measurements. The best esti-
mates of the leometrical properties and inclosion
types (with the void regarded as a special case) are where Y, and h, are N -(iienirontl ,' ti
then the avera'le or most probable values (if thesI
properties in the resultant reduced ensemble. asso iatPd wit.h me s£irements of Typ I and. s rt-

larl y , V , and h , are N -diensi onal vv( tn,,,
,' rI n nr a~l , ," 0

.,OR,.UlituON PP , BIEM F'
assoc iated with Ineasurereilnts of lvype 2 (lear 1V,

In this section we present an outline of the we must require NI - N, N In the i,' f I ype I
analvsis of the present estended version of the reasure,,nt *, we obtain
inverse scatterinq problem. In the nP0t se( tirn, ah
disc assion is 'liven of the numerical apiproa( h and h , ... h , I?
tertain relPvant analyti(al details. In the i ,e t ion JI IN1
f I lowing that, a set of prel i! inarv results i', th
prosontpI (ivinri the rr',ponsf- o the i lv,,,. ini whi T t he ri ',ie t inrif,. the t ransline. The i,
algorithm to various kinds of syntheftj( ti-, ,f ta I 1iinnfV i 'If, nef l tined h Y



hgI  h (x)=A (enenxg) (2.6) the reader's attention on both the immediate as welln gn 2n n as the ultimate purpose of the present inversion

problem. The ultimate purpose involves the embed-
where A2 is the coefficient of uJ in the w-expansion ding of the inversion problem in a more extensive

decision logic terminating in accept/rtject deci-
of the theoretical amplitude A( e, ;xq) for sions. estimation of life-cycle costs, etc. For the

nn
longitudinal-to-longitudinal scattering from an time being, however, it is expedient to regard the
ellipsoidal inclusion of Type g and geometry x. inversion algorithm as a "free-standing" entity with

1i and its own performance criteria.
The unit vectors en e give the incident and
scattered directions corresponding to the transducer With this point of view it is appropriate toplacement in the nth experiment (in the pulse-echo consider a loss function L(i,g;x,g) specifying the

ase i tloss (or penalty) incurred if the algorithm gives
case ;s = -en). the decisions i and 6 when the actual values arex and g. A reasonable optimization criterion is to

In the Type 2 measurements, we have minimize the risk defined by

h2 = (h92 hg2N (2.7) R EL(i(y),j(y);x,y) , (2.13)
2N2  where E is the unconditional averaging operator. It

in which the nth component is defined by should be noted that here x and g are functions ofthe random process (2.1). Thus R is a functional of

the decision functions x(y) and 6(y) and it is to beh92 n h (x) = d(n(2.8) minimized on the form of these functions.
n 2n

Here we will consider two loss functions, namely
where d is the distance from the geometrical center
of the ellipsoidal to a front-face tangent plane L(x,g;x,g) = - (x- x)6g (2.14)
perpendicular to en" The experimental value of this g
quantity is determined from a suitable analysis of and
the nth pulse-echo scattering measurement in which

en = -en = en. It is worthy of note that in this L(xg;x,g) = -5 .(1

formulation d depends only on x and not on g. A In the first case
simple extension of this theory allows for depend-
ence of d on g. E(LIy) = -P(x=x,g=gy) (2.16)

With x and g given, the experimental error vec- and in the second
tor ) is assumed to be a Gaussian random vector
with the properties E(Lly) =  -P(g=gJy) . (2.17)

E(vlxg) = 0 (2.9) Thus, in the first case the optimal decision func-
tions correspond to the most probable values of x

E(',''!x,q) = C . (2.10) and g given y. The second case will be discussed
later.

The N ,N covariance matrix C is assumed to be inde-
pendent of x and g. In the actual computations we COMPUTATIONAL APPROACH
assumed that C is diagonal, an assumption corres-
ponding to the statistical independence of experi- As discussel in the last section, the estimation
mental errors. of the inclusion type g and geometry x is performed

using standard decision theory. Using either loss
The above stochastic model defines the probabil- function, i.e., Eq. (2.14) or (2.15), we must con-

ity density of y given x and g, namely P(ylx,g) sider the posterior probability of q and x given
given by Eq. (3.1) of the next section. The statis- the observed measurement vector, y. Using the nota-
tical description of the measurement model is com- tion of the last section, we represent the measure-
pleted by the specification of the prior probability ment model (2.1) as the probability density
P(x,g) which is given a more detailed discussion in
the next section. The final decision (estimation of p(y1x-) 1 -1/2defect type and geometry) depends upon the posterior (?-)N/? 2 g( )
probability density of x and g given y, namely

P(x,gly) =  P(y!x,g)P(x,g)/P(y) , (2.11) . C-  -h(x))] (3.1)

where The covariance matrix C was defined in the previous

NY) fda P(vx.q)P(xO,) (2.12) section and 'CI is its determinant.

9 The posterior probability of x and g is obtain-

plays the role of a normalization constant. able once the prior on x and is specified.
Denoting this prior by P(x,q), the posterior

The Process of making a best decision about the probability is then

values of x and q from the measurement vector y P(x.qly) P(y x,q)P(x~q)/P(y) (i 2)
depends on the global context in which this problem
is embedded. At this point it is necessary to focus



where P(y) plays the role of a normalizing constant. In Eq. (3.7). m is the number of elements in
Maximization of (3.2) with respect to x and g is the geometric state vector x. The approximation in
performed by sequentially maximizing (3.2) on x for (3.6) is used to avoid the multidimensional numeri-
each specified g,g = 1, *.., G. This latter maxi- cal integration implied in (3.2) to define P(y).
mization is conveniently performed using the Inter- The posterior probability of inclusion type can be
national Mathematics and Statistics Library routine found by integrating out x in (3.6). The result is
ZXMIN. This routine(2) uses a quasi-New~un algor- -112
ithm to find the minimum of a function of m varia- P(gly) exp [-,(ig,g;y)]jtl
bles. In the current application, it was found that g

certain precautionary steps are necessary in order G

to assure convergence of the iterative scheme. .;y)IHg,l-1/2 
-

.
Before discussing these steps, it is desirable to 1 (=1 g38
elaborate on the computational procedure to obtain
P(x,gly) in (3.2) near its maximum. The maximum value of P(x,gly) for a specified g is

Maximization of (3.2) over x for a given g is P(i ,gly) = A(y) exp [ gly)j (3.9)
equivalent to minimizing the functional O(x,g;y) g g
over x for specified y where 0 is defined by

where the normalization factor A(y) is given by
Y 

-N/ 2 1- 2  
Eq. (3.7). A measure of the uncertainty in x for¢(x,g~y)
any assumed g is given by the posterior covariance
matrix of x for the value of g specified. Usinq

y- h (x)) C
-
l(y- hg(x))- en P(x,y) the above approximations, we find this to be just

9 cov(xlq,y) = H-
1

(3.3)
Two decisioi rules are of interest in choosing

Specifically, . is completely known without having an inclusion type, g. The first is to choose the
to evaluate the normalization constant in (3.2). value of g that maximizes P(g y) in (3.8) corres-
Let 2 (y) be the value of x for which the minimum ponding to the loss function (2.15) in the last
is obtained. That is section. The second is to choose that value of g

that maximizes P(ig,gly) in (3.9), which is consis-
(x ,g;y) = min (x,g;y) . (3.4) tent with the loss function (2.14) in the last sec-
g x tion. The former rule has a certain intuitive

appeal. If the present inversion procedure is
Thus x = g(y) gives the geometry of the inclusion regarded as a "f,-,e-standing" entity then either

g g rule can be used, the corresponding loss functions
that maximizes the posterior density function for being a matter of taste. However, if the procedure
inclusion type g. Since the gradient of ,p with is to be integrated into a larger, more complex,
respect to x vanishes at x , we see that (x,g;y) scheme of decision logic yielding optimal accept/

reject policies, etc., then no decisions are to be

1 made in the inversion procedure, except as an
(x,g;y) D(g,gy) + i (x - i )'H (x - ig) + .- , approximation to simplify the processing in the

g g g gremainder of decision logic. As an approximation,

(3.5) it is usually sufficient to input into the remaining

where decision logic the approximation to P(x,gly) given[3 1 by (3.6).
[ij 1xi x'j At present, the computer program implementing

g the inversion algorithm reports both P(gly) and
P(xg,gjy) for each q as well as the posterior stand-

is the Hessian of the function J, at x = x g. A ard error of each component of x and correlation
numerical approximation of H is computed in the matrix of these components. The program is written
inversion software using central difference approxi- in FORTRAN 5 and is able to run in pseudo real time
mations. We note that for , to have a true minimum on a Data General M-600. [Approximately two minutes
at x g, H must be positive definite. of CPU time (timeshare mode) is required to estimate

g 9the geometry for each inclusion type in a class of
The expansion in (3.5) allows for an approximate five inclusions.] Currently, there are several

expression to be developed for P(x,g[y) given in options available for specification of the prior
(3.2) using the relation (3.3). In particular, we distribution of x and y. In each of these options,
obtain the expression the qeometry x is assumed to be distributed inde-

I pendently of the 
in( u

sion type, g. This restric-
P(xgly)- A(y) e, ,y) (x- ) , tion is easily relaxed with a small modification to

the computer code. The discrete prior distribution
(3.6) of g is specified in the input. Normally, this will

he taken as flat (equal probability over all in(lu-

where A(y) is now easily computed as Sion type%). The flow of the various types of input
infornation is shown in Fig 1 alonq with the major

A(y) ) output disrussed above.Ayd P(x~ g ly ))

In the case of spheroidal voids or inclusions,

Gmi 1 the prior distribution of x - (a
c 

,,.,) is assumed
m
1
2  

1H 1/2 (-xgq ;Y) factorable into the following three parts:
exp( .g j P(ain ,. P(a,c)P(, )P(,) . (3.10)

(3.7)
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In the above expression, a and c are the semi-
major and semi-minor axis lengths of an oblate The inversion algorithm as currently implemented
spheroid and Yz and % define the orientation (i.e., requires the measurement covwriance matrix C as
the direction cosine relative to the z-axis and input. Fris matrix is assumed to be diagonal (inde-
the azimuthal angle, respectively). pendent ooservations). The program reads in anestimate of the standard error of Y1  and y2 for

The program, as currently implemented, allows 
n Y2n

for the following parameterization of the prior each y, and Y2  input. This estimate will presum-
distribution: n n

ably come from replicate experiments or from various
(1) -Yz Beta with input degrees of freedom comparisons of theory and experiment. The actual

v z and v . estimated x depends only on the relative sizes of
1 z2 these standard errors, not their absolute magnitude.

(2) t/27- Beta with input degrees of freedom The posterior standard error does depend upon their
v awn p d magnitude however. The following is reported for
v an (2 each inclusion type considered:

(3) (i) (a,c) . Bivariate Weibull with input 1. Posterior probability of g: P(gJv).
shape and scale parameters. 2. Posterior density of x and g at x q: P(Xq ,gy).

(ii) (a,c) ' Bivariate lognormal with input 3. Residual sum of squares for A2 measurements:
location and scale parameters 3 Resi smfqae or 2 euent

('ii) (ac) . Bivariate extreme value type-I 1  h 9
with input location and scale 4. Residual sum ol squares for d measurements:
parameters. (Y2-h2 ( g))'C2 (Y2-h g W.

(iv) (ac) % Flat. 5. Total residual sum of squares:

The joint distribution of a and c is restricted (y-h (X ))'C-1 (y-h (i )).

to have positive mass only when a > c. This is 6 Convergence inforation.
because the current coding of the low frequency
scattering algorithr is restricted to oblate spher- 7. Estimates of the two major axes (a,a) and the
oidal qeometry. one minor axis (c) and the direction cosines

of all axes.
The beta priors on and x include the uniform 8. Posterior standard errors of all items in (7).density as a special case (vz1=V2V ~v v2=).

niy(z 2 " 9. Posteriorcorrelationmatrixof all items in (7).
Specifications of the uniform density for these par- 1O Observations, predicted values and residuals
ameters is equivalent to assuming .," , that the for each of the A2 type measurements and each

axis of symmetry is uniformly distributed over the of the type measurements a

unit sphere. If this uniform distribution is of the d type measurements,

assumed and if the distribution of a and c is taken All standard errors and correlations are com-
as flat (no r~". bias) the program will auto-
matically produce the maximum likelihood estimate puted using the usual linear approximation tech-

ot x for each catequry q. This is because the loss niques. In particular, if v = h(u) where v and w

function being used is the Dirac delta function, are random vectors, then the 1uvesIomdinq (ovari-
heposterior variance reported by the proram ance matrices are related by the approximateThepseirvrac eotdbhe eroa expression

becomes the conditional covariance matrix of xg

conditioned on x and g. The distributional proper-
ties ofxg in this conditional situation are Fv J:u

J '

discussed in Appendix C. where
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J 3h/3u )y x*/(l+ x*
2 

x 4
2 

1

is the Jacobian matrix of the transformation h. =/(+ *2 +*2)1/2

This matrix need not be square. Yz x3  x4

The residual sums of squares in outputs (3) In actual implerentation of the inversion algor-
through (5) above allow one to test the statistical ithm, it has been found that convergence is quite
model's adequacy. In particular, these sums of sensitive to the first guess. When there is little
squares will be approximately X2 distributed when a p'v'2io bias, it often turns out that the first
the inclusion type is correctly assumed. They give guess will be at a place on the response surface
a direct measure of the experimental uncertainty. ¢(x,g;y) where the Hessian is not positive definite.
In Appendix C, we discuss their distributional This implies that the surface at a small distance
form in more detail. from the minimum has a ridge-canyon behavior that

will defeat the algorithm if suitable tactics are
The residuals renorted in output (10) provide a not utilized. The iteration scheme used in ZXMIN

further indication of the model's adequacy. Simple employs an approximation to the Hessian. At the
run tests performed on these residuals will indicate initiation of the algorithm, any positive definite
non-random patterns and thus address the question of matrix may be used (not necessarily the true
goodness-of-fit of the mathematical scattering model Hessian) for this approximation. The approximation
to the experimental situation for each postulated is updated each iteration and converges to the true
inclusion type. Those postulated inclusion types Hessian as the true minimum is reached. The rapid-
which exhibit non-random residuals should be con- ity of convergence is tied to the difference
sidered as wrong candidates, between the initial approximate Hessian and the

true one. If the true Hessian at xo is not positive,
As mentioned earlier, certain precautionary then it cannot be used as a first guess. The pro-

steps are necessary in order to assure convergence- gram as implemented, forces this matrix to be posi-
of the quasi-Newton algorithm used by ZXMIN. First tive definite by taking the absolute value of the
of all, it is useful to transpose the state vector diagonal portion of the Hessian when it is discov-
x = (ac,y zu) into the state vector x* given by ered that the Hessian is not computationally posi-

tive definite. In order to reduce computational
xI = Zn (a/a*) effort as much as possible, as well as to assure

that a local minimum is to be obtained, the program

x* = ton (c/(c*a-c)) uses a simple, but very robust initial search
(3.11) algorithm to find the approximate location of a

x = yx/yz local minimum in the four dimensional space of x*.
3 xIn the simulation runs performed to date, it was

/ = Y /Y often found that the use of this robust search
algorithm before employing ZXMIN was essential to

where assure convergence when the inclusion type assumed
was different from that which was used in the

¥x = cos a sin 0 generation of the test data. It is just as impor-
tant that convergence be reached for incorrect

yy sin u sin 0 inclusion types as for the correct ones, so that a
proper assessment of posterior probabilities can

and be made.

Yz =cos 0 . NUMERICAL RESUL.TS

Here, a* is an arbitrary scaling constant chosen so In this section, we describe some of the recent
that underflows or overflows of digits are avoided, numerical testing of the inversion algorithm. The
The term c* is a biasing factor that is used to purpose is to determine the robustness of the alqor-
avoid singularities encountered in the calculation ithm to perturbations of the various assumptions in
of A2 when the geometry is too close to a sphere, both the statistical model and the physical scatter-
It represents the maximum allowable ratio of c/a. ing model. As a minimum, it is necessary to assess

the effect on the inversion results of 1) flaw
The transformation specified by (3.11) maps the sizes, 2) flaw orientation, 3) flaw type, 4) host

original state variable x into an unconstrained property variation, 5) 1. , , distributional

state variable x*. In particular, each component assumptions, 6) actual measurement error, 7) assumed
of x* may range between f =. This mapping, which is rms measurement error, R) transducer placements,
1-1, greatly facilitates the use of ZXMIN which and 9) scatterinq theory inaccuracies. To late,
would otherwise iqnore the constraints in the origi- only some of the numerical experiments addressing
nal state space: 0 < ( 1, 0 < a 2n, and items 1 through 7 have been run. It has been found
a >c 0. that the inversion algorithm performs quite well

over a wide range of experimental errors. Some of
The inverse transformtion is given by the results are reported in Table 1. This table is

x7 based nn synthetic scatterinq data generated using

a = a*e a Gaussian random number generator. The standard
X*X 2 X errors reported as iA2 and "d under the subheading

c c*a*e e /(l+e 2 2
*2 ,2 "Experimental" were used t- scale the Gaussian ran-

Y = 1/ *x *4 2 dom number. The inversion algorithm used the stand-
Sx3+ard errors reported under the "Analysis" subheading.

Three simulations were performed for each case.
In point of fa(t, if the fun(tion ! beine minimi nd

'12



TABLE 1

INVERSION ALGORITHM NUMERICAL RESULTS FOR SELECTED AREAS (MAXIMUM LIKELIHOOD)

Experimental Analysis -

A 2 0d .A0 od  a 10 a c 1c zP(void)

S A. Void, a =0.04, c =0.02, yz 
=  

.

10% 20% 10% 20. 0.0405 0.0009 0.0203 0.0018 0.993 0.005 0.992 1
0.0402 0.0009 0.0200 0.0019 0.982 0.015 0.989
0.0400 0.0009 0.0205 0.0018 0.997 0.006 0.982

20% 40% 20% 40%. 0.0412 0.0017 0.0203 0.0036 0.990 0.021 0.779
0.0415 0.0020 0.0182 0.0038 0.917 0.064 0.790
0.0400 0.0017 0.0209 0.0035 0.988 0.025 0.669

I0%' 20% 101 10,000% 0.0410 0.0011 0.0196 0.0022 0.982 0.017 0.345
0.0417 0.0010 0.0168 0.0021 0.977 0.016 0.307
0.0396 0.0011 0.0212 0.0024 0.997 0.009 0.354

B. Void, a = 0.04, c 0.038, fz 1

10., 20, 10. 10 0.0409 0.0009 0.0374 0.0018 0.793 0.335 0.995
0.0422 0.0011 0.0344 0.0019 0.555 0.179 0.qll
0.0405 0.0009 0.0375 0.0018 0.739 0.407 0.997

5; 10 10. 20%. 0.0403 0.0008 0.0380 0.0018 0.937 0.243 0.998
0.0406 0.0010 0.0370 0.0019 0.692 0.352 0.988
0.0401 0.0008 0.0380 0.0017 0.921 0.306 0.999

C. Void, a = 0.04, c 0.038, z = 0.5

10% 20% 10% 20! 0.0412 0.0013 0.0367 0.0021 0.443 0.330 0.991
0.0427 0.0012 0.0334 0.0019 0.428 0.152 0.826
0.0413 0.0012 0.0359 0.0020 0.444 0.274 0.990

D. Void, a = 0.04, c = 0.020, *z = 0.5, 450

10% 201 10. 20. 0.0402 0.0012 0.0209 0.0017 0.489 0.079 0.840
0.0409 0.0012 0.0189 0.0016 0.461 0.068 0.614
0.0410 0.0012 0.0190 0.0015 0.507 0.068 0.939

to determine xg were a pure quadratic form in x, All of the analyses represented in Table 1
then the posterior variances reported in Table 1 assumed a rrio-r that the flaw being measured was
would not be a function of the specific random vec- one of five types: void, BN, Si, SiC, or WC.
tor y observed, but only a function of the assumed Given the low frequency scatter coefficients, A2 ,
values of 0A and 0 d' the transducer placements, and for SiC and WC are negative in a SiN 3 host, these

2 two categories may be eliminated immediately when
the inclusion type. Deviation from quadratic behav- the true inclusion type is a void. The last column
ior in the functional form of t yields additional in Table I reports the posterior probability that
variability in the posterior variances, the inclusion type is a void. The only serious

contender using the five types allowed was BN. In
All of the scattering measurements were taken to every case run so far, the posterior probabilities

be of the pulse-echo type. The transducers were of inclusion other than a void or BN (when a void
assumed to be placed in a symmetrical array on a was used in the test data) were all less than
spherical test piece with the inclusion at the ceon- 0.0001. Similar results using a different random
ter. Seventeen transducers were used. One was seed are plotted in Fig. 2 wherein the atual mPa-
placed directly above the flaw. The remaining six- surement error ranges from 5' In 20! in A? and from
teen transducers were placed four each, 90' apart, 10 'o 407 in d.
in four different cones above the inclusion. The
four cones had half angles of 15', 30", 450, and The results reported in Part A of Table I and
60', respectively. The optimum number and placement Fig. 2 indicate two things. First, very larie ran-
of transducers is still under investigation, dom components of the measurement error may be tol-

erated before the inversion breaks down 1he
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posteriorprobabilityof 0.66 to 0.79, with 20" to Part B of Table 1 represents some of the results
40' measurement error per measurement, is quite obtained when the inclusion becomes nearly spherical.
good. (Note that since 17 observations are being As can be seen, the posterior probability of a void
taken for each of the A? type measurements, the remains high. The posterior standard error,
effective random error in inversion is approximately becomes quite large. This is to be expected, 1z
17

"1
/2 or 0.24 of the individual errors.) The since in the limit when the flaw becomes a sphere,

Gaussian approximation to the posterior distribu- the axis of symmetry loses meaning.
tions of a and g for the various flaw types is shown
in Fig. 3 for a specific set of random measurement Part C of the table demonstrates that tilting a
errors. The area under each flaw's curve represents nearly spherical flaw has essentially no effect on
the posterior probability of that flaw type. The the inversion alqorithm. However, tilting a more
spread of the curve indicates the posterior uncer- eccentric spheroid does, of course, have an effect.
tainty in the major semi-axis length. It can be Part D of the table represents the results of the
seen that the void is by far the most probable flaw inversion alqorithm in the case where the axis of
category in the three cases shown. Also, the spread symmetry of a flaw with dimensions a = 0.04 cm and
widens as the measurement increases. This is a c 

= 
0.02 cm is 45' off of the vertical with an azi-

natural result. muthal angle of 45'
. 

Further results using a dif-
ferent random seed are presented in Fig. 4. For

The second item of interest seen from Part A and certain orientations, the classitication probability
Fig. ? is that it appears that the d type measure- becomes quite poor. Presumably, this difficulty is
ments are crucial to the inversion procedure in most correlated with the transducer configuration used.
cases. The run whose id was taken as 10.000 in the Clearly, it is desirable to devote more work to the
analysis stage effectively gives the d measurements quantification of the effect of transducer placement.
zero weight for that inversion. The result is an
inversion based on A2 measurements alone. As can be No runs have been made yet to assess the effect
seen, the posterior probability of a void is only of scattering model error. In parti(ular, it is
0.3 to 0.36. In fact, the posterior probability of desirable to determine the effect on inversion of
BN was 0.60 to 0.70 for these runs. On the other such things as, 1) losses in the host. 2) multiple
hand, it is apparent from the estimate of a. c, and -catterers, and 3) non-spheroidal scatterer
zz. that the geometry is still being estimated quite geometry.

accurately based on the A2 measurements alone. The
unfortunate part is that the BN category seems to REFIRENCES

fit the noisy A2 data for a void just as well as a
void does. In the actual three simulation runs, 1. R.K. Elsley, J3M. Richardson and RB. Thompson,
the iajor difference between the BN and vmid compu- "Determination of Fracture Mechanism Parameters

talo
-112

. from [lasti( Wave Scattering at Lower Frrquen-
curvature of t I' t? This is a measure of the des," Semi-Annual Report, Interdisciplinary

Program for Quantitative Flaw Definition, Report
maximum. This curvature was larger for the BN cate- SC5 5.1?SA, pp. 104-14 , February lq78.
gory than for the void cateqnry. Interestingly, 2. Flet(her, P., "frtrai. Subroutine for Minimizatin
both categories produced esntially the same by Quasi-Newtnn Method.," R71;'- AFRI , Harwe11 tll
residual sum of squares._ i'
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APPENDIX A

SCATTERING OF ELASTIC WAVES FROM ELLIPSOIDAL VOIDS AND INCLUSIONS IN THE LOW FREQUENCY (RAYLEIGH) REGIME

It is our purpose here to present further s4 = (v wB + w v )

4x2 cx42 O 1details of the analysis of A2 = A 2(e ,e ;x,g) for

the case of longitudinal-to-longitudinal elastic s I - (wu +u w
wave scattering. In this case, we have that ,L B )

A(2)(Is ;i) =Vs [O-

A,_, e = e e  s
6ctB = (uv + v u )

v2

- c-ts(G + 6C-')"t ] (A-l)
k m mn mn n where a,B 1,'..,3.

where repeated subscripts imply summation. In the The six by six matrix 6Cmn is given by
following, the subscripts Q,P,y, and 6 will range
from one to three, representing the x,y, and z 6C = s 6
directions in a laboratory coordinate system, while mn mCx Sny.
the subscripts m and n range from one to six. where 6C,,,, is the elastic constant deviation

In equation (A-1), Vs is the volume of the tensor in the inclusion.

ellipsoid and is given by The Green's matrix Gmn has very special struc-

Vs = 4- abc , ture for an oblate spheroid (a=b c). It isgiven by

where a, b and c are the semiaxes lengths of the G G G
ellipsoid with principal axes defined by the unit 11  12  13

vectors u, v, and w, respectively. The parameter GI2  Gll GI3  C
c is the velocity of longitudinal waves in the

bulk and is given by Gl3 Gl G3 -

c, + 21.),%,j, m G44 0 0

where . is the density of the bulk and A anO i are 0 0 G44  0

the amO constants of the bulk. I0 0 G66

We let .+ , . , 
+x, I+ s be the density and

Lam4 constants of the inclusion, with

The six vectors t S and tim are obtained via a G = p - q(2
1
a - 3a

2 Iaa)
m 111 a a a

transformation from the 3. 1 matrix representation
of strain. Specifically, G33 = p(4- 21a ) - q (8r - 41 a - 3cCC)

t5  ese s , G = -q(la -a
2lC

i i C -q(Ia- 3(1I

t e eS, 13 a ac
m,,

.5 G p(4 - - 1 q(4- - I 6(a xcs )
where ie (e) is the unit vector in the scat- 44 2 a a

1 iantre direction and e (Ce ) is the unit vector andaa.

in the incident direction of the plane acoustic 66 a a a

wave. In the above,

Recallinq that u m (u , (v), w (w) ?-a-c c 1
3/' aare the three principal axes of the qllipsoid, we (a-c)'' a

have that the transformation matrix s is qiven by

s I a

1;2  v v. 1a 1

3 ' w and



22 a'8 -i d 3c' In the special case of a sphere (a~b=c), the

'cc a 'c3 2 a-' above is somewhat simpler. Specifically,

with G1  =G' =
1 1 13 15oc'

c2  2
and t1 G13= =2

2 2 C 2_______
ct z2  

4 
+3K

Hr ct is the transverse wave velocity in the 6 Oc

host and is given by with

ct =K =2(x + 20i4/

537



APPENDIX B

DISTANCE FROM THE CENTER TO THE FRONT-FACE TANGENT PLANE FOR ELLIPSOIDAL GEOMETRY

We present here a detailed derivation of the d = d(e;x)
distance d(e;x) discussed in the second section 1/2
of the paper. The general equation of an ellipsoid = (e. Q--e) (B-9)
can be written in the form

In the case of the spheroid we obtain
( . 1 , (B-I) 1/2

d= [a2- (a2 c2)(w )'2]I B2

where the tensor Q is given by
If we write

Q a- 2uu + b-2 -v + c 2ww (B-2) - (wex~ + + ez -x-y (B-11)

in yhich 1, b and c are the semi-axis lengths and X X Y Z x Y

u, v and w are the mutually orthogonal unit vectors then
giving the directions of the corresponding princi-
pal axes. In the case of a spheroid we obtain 1 . . ,/ 2  (B-12)w-e e-exyz+ e y+ e e~-y-y_ - .(B-12

xz eyyy z x

= -2(--+-) + C2
1 W +C-2

-

a-'(1 - ) + ww , (B-3)

where 1 is the unit tensor. It is clear that
(r) depends upon the geometjical state vector x,

but only through the tensor Q.

Let us consider a plane that is tangent to the
ellipsoid at the point r and that has an outward
pointing normal e. This plane represents a wave-
front impinging on thq ellipsoid in a pulse-echo
experiment in which -e is the propagation direction
of the incident wave (at the front face of the
ellipsoid) and e is the propagation of the scat-
tered wave (i.e., the part that will propagate back
to the transducer). The vector e, corresponding to
the position r, is given by

e hV = h r (B-4)

from which we deduce

r Q- *e . (B-5)

In the above expression h is a normalization fac-
tor, as yet undetermined.

The condition that r lies on the surface of
the ellipsoid is

1 ¢( ) . r.

h2 . e (B-6)

from which we infer

6)1/2 (B-7)

It is obvious that the distance from the center of
the ellipse to the front-face tangent plane is

d . h. = h (B-8)

Thus we finally obtain the desired result
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APPENDIX C

DISTRIBUTIONAL PROPERTIES OF ESTIMATORS WITH RESPECT TO MEASUREMENT ERROR WHEN BAYES RULES ARE EMPLOYED

The estimation rule for x and g is Bayes in From (C-3) it is seen that since y is multivar-
that it minimizes the risk with respect to the iate normal with mean hg(x ) and variance covari-
joint distribution of x, g, and y. As discussed g
in the third section of the paper, if the prior on ance matrix C, xg(y) will also be multivariate
x and g is flat, then i (y) will be the maximum normal with mean (C-4) and variance covariance
likelihood estimate of ?he vector parameter x for (C-5). This result is independent of any I rir '
each postulated inclusion g. In this situation, bias that is assumed.
the distributional properties of xg(y) are consid-
ered with respect to the conditional distribution Under normality of the measurement errors, the
of - given x and g. Even if the prior is not distributional properties of the residual sum of
taken as flat, because ig(y) is a function of y, squares may be derived. The residual sum of
it is still appropriate ?o consider its distribu- squares is defined by
tional properties with respect to this conditional
distribution. To do this we note that g and y S = (y- h (x ))'C-'(y.-h g (xg )) . (C-9)
are such that the surface t(x,g;y) has a stationary g g g g
point. Defining the matrix P as the Jacobian In the case where measurement errors in the A2matrix of hg(x) with respect to x, that is I h aeweemaueeterr nteA

experiments are uncorrelated with those in the d

Fk h [ (x)] experiments, S has the decomposition[Pk ]  7 - -] (C-1) s sI+s

with

It is easily seen that since S 1 = (Yl - hg (g))'Cl'(yl - hg g)) (C-10)

g,y 3x X0gy
O  

[X1 g 2g Cx0 ]CCil

g $2 = (Y2- hg2 
( g))'C21 (y2 -hg2  . (C-11)

+ + () The statistics Sl and S2 are not independent since
+y x yyO)(C-2) they both involve xg.

then We now develop an approximate distribution for
S-y S. The cases for Sl and S2 are done similarly.Xg- x0 )-- HgP'- 

3 y' (C-3) Assume we know the matrix up to a scale factor (1,
g and the matrix Q up to the scale factor o- 1.

where x0  is the state that minimizes 1,(x,g;yo) that is

C = W ,(C-12)
when y=yo is observed as measurement error free.
From (C-3) it is seen that, since Q = n-lU (C-13)YO E(ylxo ,g) - hq(X0 g), then

Y with both W and U completely known. This is
equivalent to knowing the relative weights of the

E(X lXo, g) x (C-4) measurement errors among the different experiments
g 0 as well as relative to the prior information.

Equation (C-3) can now be written
andHPCPH 1  

(C-5) x -x0 =(P'W-P-U)-'P'W-'(y- hq(Xq )) (C-14)q~ ,q g g g

x iO9q H'CPqI Thus.

We note that the Hessian has the form y- h(X )=y- hq(X 0 )- (hg(Xg)- hq(Xp )

,I q q q

Hg I- L x~ PIC 1  -0 (C-6) (y - hq9(xp 0) P(x g - XO 0
(J -1 9

w (I - P(P'W-'P-U) P'W-')(y- hg(X 0 q)
where q

(C-15)

xiV . x-. j (C-7) Therefore,

is the Hessian of the loq of the prior distribu- S ,(y- hq (x0))'B(y-h]xl )) , (C-16)
tion. In the case that p(x,g) is flat in x, then q q

xq q P'P)
-

. (C-8) with



B (-W-1P(P1W-P-U)'IP1)W
-  

Finally, we remark that if an independent
estimate of i is obtained from replicate experi-

(I -P(P'W-,P-U)
1
PW

"
) . (C-17) ments, then the above distributional properties

of R (even when an a -rYror bias is allowed) can
Thus the scaler R = OS, is independent of 0 and be used to test the goodness-of-fit of the scatter-
thus is computable without its knowledge. ing model to the data. In particular, if 60 is

an independent estimate of f; based on v0 degrees
In the case of a flat prior, U 

=
O. Then of freedom, then the statistic

B = (I-W-P(P'W-P)'W-1 . (C-18) F = (R/v)/0 0  (C-26)

Equation (C-16) represents S as a quadratic
form in the multivariate Gaussian variable y In will be an F-statistic with '0 and ")0 degrees of
the following, we assume that the value 0 freedom. Large values of this statistic indicateth olwnw sueta h au 0is used ta ihrtesatrn oe swogo h

in calculation of S, and that this may in general that either the scattering model is wrong or the

be different for the true scale factor 0. The postulated inclusion type is wrong.

first two moments of S are

E(Slx,g) = tr (- BC) tr (BW) (C-9)
0 0

vat(Six,g) = 2 tr - BC) 2(0-) tr (BW)'

(C-20)

where we have written 00 for the value of the scale
factor assumed in the calculations and 0 for the
true value of the scale factor. Equations (C-19)
and (C-20) are valid even if y is not Gaussian.
We note that in the case of a flat prior, BW is
idempotent with tr (BW) z rank (BW) = N-m.

Knowledge of (C-19) and (C-20) up to the
unknown scale factor 0 allows one to develop a
chi-square approximation to its distribution. In
particular, we have that the random variable

X 0 = tPr (BW)- S (C-21)

tr (BW)
2

is approximately a chi-square variate with degrees
.fof freedom

., = [tr (BW)]
2
/tr [(BW)

] 
. (C-22)

In the case that the prior is flat, the approx-
imation becomes exact. That is,

R 0
SS " X2 (C-23)
. . N-m •

The above results allow one to construct l00(I-c)%

confidence intervals for /o0. In particular,

S S (C-24)

Xd2 X 0V,I-,,/ 2 ×v,(/2

If such a confidence interval does not contain
I, then this is strong evidence that either the
assumed measured error scale factor 0O is wrong,
or that the assumed flaw type is wrong.

In terms of R, (C-24) may be rewritten as a
confidence interval for n as

-- ---- n --R _- . (C-25)
2 7
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RADIOGRAPHIC INSPECTION OF WELDS

R. L. BuCk'O,
U. S. Army Armament Materiel Rcddine-, CUimand

Rock Island, Illinois 61299

ABSTRACT

This paper addresses the difficult problem of evaluating weld integrity of partial penetration type
weld joints. Radiographic standards for partial penetration welds have in the past not been considered
feasible due to confusing indications on the radiograph, resulting from the partially welded joint. The
Army has developed a technique to offset this problem with suitable radiographic standard-, for conven-
tional weld defects. This technique will be discussed.

INTRODUCTION strain aging, creep, corrosion or wear resistance.

To adequately discuss the inspection of welds, Weld Fabrication
(1 ) 

- The temperature in a weld
it would be valuable to briefly cover the welding joint will range from above the melting point to
pro(ess. After this, since we are to consider the ambient of the section being welded. These temper-
radiographic inspection technique, it will be atures cause expansion and contraction, chemical
desirable to cover the basic aspects of radiography. reactions and extreme mechanical stress in a weld-
Finally, the adaptation of the radiographic proce- ment. The thermal gradient from aibient base
dure to weld inspection will be made. material temperature to melting and the associated

cooling rates represent a range of heat treating
Welding as applied to all materials would be cycles of both good and extremely poor practices,

much too broad a category for this discussion. To resulting in questionable weld integrity. The
make the subject manageable; only metals will be molten weld metal may react with constituents of
considered, specifically aluminum and steel, the surrounding atmosphere such as oxygen, hydrogen,

Wd B rial Charact s () nitrogen or gaseous compounds of these elements
Weld Bead fater teristics - The weld with carbon, causing degradation of the wcld joint.
bea- -is -a c-ast-ty-pe mietal-,which-is an alloy of the Contamination by gases can be avoided by proper
base metal being welded and that of the welding rod manipulation and utilization of the atmospheric
or wire added. During the welding process, this shielding provided for a particular weld process.
alloy is subjected to a very severe themal environ- Most gases evolve from the molten weld metal
ment which affects its metallurgical properties readily, but time must be allowed for the gases to
such as ductility, tensile strength, grain size and escape before the weld melt solidifies and entraps
uniformity, impact qualities and alloy purity. them. During the welding process, the operator
Elements in steel such as sulphur, phosphorous, must manipulate the heat source for two effects,
hydrogen have undesirable effects and every effort (1) to produce a molten puddle of base material to
is made to eliminate them during the making of the fuse with the filler metal and (2) to exert control
metal and during welding. Base metal used for over the rate of solidification.
weldments is limited for practical reasons to com-
positions that can be readily fabricated without from this cursory look at the welding process,
appreciable defects. One major stipulation re- we see that many of the inherent problems confront-
stricts carbon hardening elements for steel to ed in obtaining a sound casting are also present
certain maximum levels. Too often the base mater- during the weld process, i.e., material porosity,
ial is selected from handbooks without recourse to gas cavities slag inclusions, tears, etc. There
materials or production engineering assistance, are other defects inherent to welding alone, i.e.,
Many times troubles encountered in producing sound, lack of fusion, incomplete joint penetration,
crack tree welds is traceable to difficult to weld cracking, overlap, weld crator, etc. Most of these
base material. filler material required for a defects can be located with good radiographic tech-
weld is basically determined by the welding process. niques.
For sowe welds, no filler metal is required, in (2)
which case the weld metal consists of melted base Radiojraphic Process - X-rays are a form of radi-
metal. In addition to the restrictions imposed by ant energy sThul-ar to visible light. They are of
the welding process, the choice of filler metal is extremely short wave length and it is this charact-
based on mechanical and metallurgical consider- eristic that provides for their ability to pene-
ations. The first consideration being that the trate materials which stop ordinary light. X-rays
filler metal have sufficient strength and ductility have all of the properties of visible light beside
to perform adequately under the stress system some which are characteristic to themselves, i.e.,
imposed. Weld metal is a cast dendritic structure visible light is refracted by glass and therefore
of comparatively low ductility and therefore, it is capable of being focused by a lens made from it,
is usually the practice to obtain a weld deposit however, fnr all practical purposes x-rays are not
of equal or greater strength than the base metal, refracted and cannot be focused by a glass lens
Then in case of overstressing, the deformation will (their refraction by glass is ever so slight).
occur in the base metal which can better withstand Since radiography involves exposures made with Ganim
deformation. This practice may not be desirable radiation as well as x-rays, it is expedient to
since other material properties other than strength state that Garmmia rays, althouqh similar to x-ray,
and ductility may he needed, such as toughness, usually have a shorter wave length and are more
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penetrating. They are distinguised from x-rays by often be enhanced by the use of intensifying screens,
their source and not their nature. Ganina rays are which are placed on each side of the film. These
emitted from the disintegrating nuclei of radio- are generally of two types, (1) calcium tungstate,
active substances of which the quality and intensity which converts x-rays into visible light which aids
of the radiation cannot be controlled by the user. in the film exposure and (2) lead foil, which when
X-rays are produced when electrons, traveling at radiated with penetrating radiation gives off free
high speed, collide with matter. In the tube of a electrons which also benefits the exposure of the
conventional static x-ray machine (Fig. I) an incan- radiographic film. Lead foil has still another
descent filament supplies the electrons and forms benefiting action of filtering out scattefed radi-
the cathode (negative electrode). The tube target ation which improves the contract, detail and
is made the anode (positive electrode). A high clarity of a radiograph image. There are several
voltage potential is applied across the cathode and types of radiographic film available, each of which
anode providing an accelerating force to the has a special purpose to enhance radiographic
electrons produced by the filament. The sudden results for a particular application, Fig. 3.
stopping of these fast moving electrons near the
surface of the target anode results in the genera- Radiographic Inspection - The inspection process is
tion of x-rays. The higher the temperature of the utilized to determine that the work being performed
filament, the greater is its emission of electrons complies with the prescribed job or product require-
and the larger the resulting tube current. Other ments. Although there are several ways to inspect
conditions remaining the same, the x-ray output is or evaluate welds, we will consider only the radio-
proportional to the tube current. Most of the graphic technique. It should be remembered however,
energy applied to the tube is transformed into heat that radiography may not necessarily be the best
at the focal spot on the target anode, with only a choice for all weld inspections and may often need
small portion being transformed into x-rays. The to be verified by other types of tests, i.e.,
focal spot should be as small as feasible so as to ultrasonics, physical tests. When considering any
obtain the sharpest possible definition (sharpness test there are some fundamental aspects which should
of image). However, the smaller the focal spot the be established, i.e., the object of the test,
less energy it will stand without damage. The selection of the specimen, cost factor, validity of
higher the voltage the greater the speed of the the test and the usefulness or value of the results.
electrons striking the target (increasing focal These test fundamentals need to be combined with
spot deterioration) with an associated decrease in common sense for satisfactory inspection.(l)
wave length and a consequent increase in penetrat-
ing power (x-ray intensity). It is to be noted Radiography has some inherent limitations which

that x-rays produced at higher kilovolts contain all must be considered to obtain satisfactory results.

of the wave lengths of x-rays that would be pro- Since a radiograph is a shadow picture of an object
duced at a lower kilovoltage plus additional shorter placed in the path of an x-ray beam, the forming of
wave lengths having greater penetrating capability, an image is influenced by the relative positions of
Practical thickness limitations fr,- typical x-ray the object and the film, the direction of the beam
machines are shown in the attached table. The in- and the size of the source. For these reasons,
tensity of gainna radiation (disintegrating nuclei familiarity with shadow formations is important for
of radioactive substance) is proportional to the making and interpreting radiographs to assure radin-
source strength in curies, often referred to as graphic image sharpness and minimum distortion.
"specific activity", expressed in terms of "curies Figure 4 shows the effects of changing the size of
per gram" or "curies per cubic centimeter. the source and of changing the relative positions

of source, object and card (film). It can be con-
Making ?_Radiograph - A radiograph is a photo- cluded then that the following conditions are
graphic record produced by passing penetrating needed to produce sharp, true shadowgraphs:(

2
)

radiation through a specimen onto a sensitized film,
thus producing a shadow graph of the specimen. Pene- a. The source of x-rays should be as far from
trating radiation causes an invisible change to the object as practicable.
occur in the coating on the film. The exposed areas b. The source of x-rays should be small as
become dark when the film is inmersed in a develop- possible.
ing solution; the degree of darkening dependent upon
the extent of the exposure. After adequate develop- c. The recording surface (film) should be as
ment, the film is rinsed which stops development, close to the object as possible.

Next the film is placed in a fixing bath to dissolve d. The x-rays should be directed perpendicular
away the unexpo;ed portions of the film emulsion, to the recording surface.
after which it is washed to remove the fixer. The

basic features of a radiographic exposure are shown e. The plane of the object and the plane of
in Figure 2. The diagram shows the focal spot as a the recording surface should be parallel.
small area in the x-ray tube from which the radiat-
ion is emitted. The radiation travels in straight The enlargement of the object shadow will occur
lines to the specimen. Upon entering the specimen, if the object is not in close contact with the film
some rays pass through while others are absorbed. the degree of enlargement being dependent upon the
The amount which is transmitted depends upon the relative distance of the object from the film and
nature of the material and its thickness. If the from the x-ray source.
specimen contains a void, radiation passing through Radirajhic Sensitivity(2)
will be less impeded and more energy will be trans- - Two factors affecting
mitted than through the surrounding material. This radiographic-visibilty are Radio9raph.ic contrast

will result in a dark spot on the development film and Definition. Radiographic contrast is the dif-
corresponding to the projected position of the void, ferencein fi m densities for various areas of a
thus a shadow picture is formed of the specimen. 

T
he radiograph. It depends upon both subject contra t

direct action of x-rays on a sensitized film can and film contrast. Subject rontrast is the relation
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of x-ray intensities transmitted by various por- Figure 17 - Linear porosity in.steel welds.
tions of a specimen. Subject contrast depends
upon the characteristics of the specimen, the rad- Figure 18 - Clustered porosity in steel welds.
iation used and the effects of scattered radiation.
Film contrast depends upon the type of film, its Figure 19 - Scattered slag inclusions in steel
processing and density (darkness). Definition is welds.
the sharpness of the image outline. It is depend-
ent upon the radiation quality, geometry of radio- CONCLUSION
graphic setup and type of film and screens used.
A check on the adequacy of a radiograph is made by Radiographic inspection of welds is a valuable
use of a penetrameter, which is placed on the tool which must be utilized with caution, taking
source side of a specimen. It has a thickness of into account all of the known technique, hazards
a definite proportion of the specimen thickness, and limitations so as not to be fooled by the
i.e., 2 percent, I percent, 5 percent. If the apparent simplicity of radiography. It is often
outline of the penetrameter shows clearly in the possible to have a good defect-free radiograph and
radiograph, the technique is considered satis- an associated defective component.
factory. Penetrameters may contain slots or holes
of various sizes and judgement is based upon radio- REFERENCES
graphic display of these holes. It should be
pointed out that even if a hole in a penetrameter 1. Course Handout and notes from "Special Course
is visible on a radiograph, a void of the same in Welding Inspection", U. S. Army Ordnance
diameter and thickness may not be visible. The Corps. - Watertown Arsenal, Watertown, 72,
penetrameter holes have sharp edges which give Mass.
abrupt changes in metal thickness where a natural
cavity has a more rounded edge which gives a 2. Radiography in Modern Industry, second edition
gradual change. The image of the penetrameter Eastman Kodak Co., X-ray Division - Rochester
hole will be sharper and more easily seen in a 4, New York.
radiograph than will d natural cavity. Also, a
fine crack may be quite extensive, however, if the 3. Walter F. Wulf, Materials Laboratory, U. S.
x-rays pass across the thickness of the crack it Army Tank Automotive Command, Warren, Michigan-
probably will not be visible. Consequently, a Technical Report No. 8910 (Phase 11) -
penetrameter is used to check radiographic tech- Development of Radiographic Procedures and
nique and not as a measure of the size of void Standards for Partial Pnetration Weld Joints
which can be shown, on Heavy Aluminum and Steel Plate.

TyKp4!cal Weld Joint Flaws - In order to utilize any
inspection process, realistic standards of accept-
ability must be established. These standards will
depend upon many aspects of the welded component,
i.e., its application to the base material, cost,
etc. Since the perfect weld has never existed and
only degrees of weld imperfection will be obtain-
able, the following examples of weld joint discon-
tinuities are presented:

Figures 5 and 6 show the recommended radio-
graphic procedures for partial penetration weld
joint designs. Partial penetration welds differ
from full penetration welds and require more care
when being radiographed to assure complete or maxi-
mum weld coverage with minimum interference from
the normal unfused weld joint land.

Figures 7 and 8 illustrate radiation angles

for two typical weld joint designs.

Figure 9 - Gas cavities in aluminum weld.

Figures 10 and 11 - Incomplete penetration in
aluminum and steel welds respectively.

Figures 12 and 13 - Lack of fusion in aluminum
and steel welds respectively.

Figure 14 - Ungraded conditions in aluminum
welds.

Figure 15 - Fine scattered porosity in sterl
welds.

Figure 16 - Coursn scattered porosity in
steel welds.
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Design (C) Design (A)
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Figure 9. Reference Standards for Gas Figure 11. Varying Degrees of IncompleteCavities - Aluminum Welds Penetration in Steel Welds, Correlated
with Weld Cross Sections

Nib=J

.... ...... 'mm. p.

Figure 10. Examples of Incomplete Figure 12. Examples of Lack of FusionPenetration Correlated with Weld Correlated with Weld Cross Sections -Cross Sections - Aluminum Welds Aluminum Welds
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Figure 13. Lack of Fusion in Steel Figure 15. Reference Standards for

Welds, Correlated with Weld Cross Fuse Scattered Porosity in Steel
Sections Welds

-- . 'p

Figure 14. Examples of Ungraded
Conditions Correlated with Weld *
Cross Sections - Aluminum Welds *

Figure 16, Reference Standards for
Coarse Scattered Porosity in Steel
Welds
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Figure 17. Reference Standards for Figure 19. Reference Standards for
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WELD INSPECTION WITH SHEAR HORIZONTAL ACnUSTIC WAVES GENERATED BY [MATS

C. M. Fortunko
Albuquerque Development Laboratory-Science Center

Rockwell International
Albuquerque, New Mexico 87106

and
W. E. Lawrence

Science Center
Rockwell International

Thousand Oaks, California 91360

ABSTRACT

The potential advantages of using electromagnetic acoustic transducers (EMATs) for nondestructive
evaluation of metal parts have been known for some time. Recently a generically new EMAT has been
perfected which can generate and receive horizontally polarized shear (SH) wave andle beams. SH waves
offer considerable advantages over SV waves for inspecting metal parts of complex shape: 1) they
reflect specularly from planes containing the direction of particle displacement, 2) they can be
generated in any direction lying in the saggital plane with equal efficiency, and 3) SH wave trans-
ducers inherently discriminate against Raleigh, L and SV waves. These advantages make SH waves parti-
cularly useful for weldment inspection.

A hrassboard system was assembled for locating natural and simulated flaws in thick MIG welds,
and a new technology for placing controllable defects in weld deposits was developed. It was then
shown that the SH-wave inspection system was capable of producing an accurate map of the controllable
defects introduced into the weld deposit. The ultrasonic map compared well with the notes taken by
the welder and contained considerably more detail than the radiographic map. The insoection was
performed at 1.7 MHz with the SH wave beam axis inclined at approximately 380 with respect to surface
normal. Tungsten and alumina rod inclusions as small as 3/32 inch in diameter with localized within
the weld deposit with signal-to-noise ratios of better than 10 dB and the inspection was performed on
an "as-welded" sample without surfaces preparation through surface grinding or polishing.

INTRODUCTION In this paper we describe the experimental
results obtained with a prototype SH wave system

Bulk SH waves appear to be better suited on realistic MIG weld deposit containing many
than SV waves for ultrasonic inspection of metal controllable weld defects. We also describe a
parts of complex shape and microstructure. new technique for introducing controllable weld
Unless the acoustic beam angle is judiciously defects into weld deposits by placing tungsten
selected for a particular application, at each and alumina rods in the weld puddle.
reflection, an SV wave can be split up into
shear (SV and SH) longitudinal (L) and surface FABRICATION OF CONTROLLABLE DEFECTS
wave reflections travelling in different direc- IN MIG 1ELD DEPOSITS
tions at different velocities. However, in
contrast to SV waves, SH waves are always re- An in-house capability was developed at the
flected specularly and the SN wave transducers Science Center for producing weld defects in a
discriminate against all other polarizations controllable and reproducible manner. In a
which may he generated within the metal part production environment this was accomplished by
through mode conversion. These properties of SH assembling a high quality welding station which
waves result in considerably cleaner ultrasonic could be interfaced with SH wave ultrasonic
displays which are usually easier to interpret systems. The system, shown in Poster 1, employs
than ultrasonic displays generated with SV the Gas Metal Arc Welding (GMAW) method using
waves. Flux Cord Arc Welding type filler material

(FCAW). It is fully motorized and includes an
For weldment inspection the use of SH waves accurate closed loop control system for weld

may offer additional advantages: 1.) The hori- head travel. The welding supply is a Tektron
zontal particle polarization may he more suit- LSC.
able for inspecting weld metal deposits which
exhibit complicated microstructures and are very Since literature studies and discussions
anisotropic, 2.) SH wave beam angles may he with experienced welding engineers did not
frequency sranned, allowing a considerably reveal a reliable method for generating defects
greater flexibility in positioning transducers of controllable size, orientation and type
and selecting beam angles with respect to sur- (inclusions, voids etc.), it was decided to

face normal, and 3.) since SH wave transducers place tungsten and alumina inclusions, as well
are non-contact [MATs, inspections at elevated as SiC chips from a grinding wheel, at various
temperatures may he feasible. locations throughout the weld deposit. The

method of placement is also illustrated in
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Poster 1 which shows a number of Al 0 inclu- sonic signals were displayed directly on a CRT
sions placed along the centerline of ?he weld after preamplification. In addition, a digital
deposit directly above the root pass. The signal averager was included in the system for
tungsten and alumina inclusions were 3/32 and added sensitivity. The digital signal averager
1/4 inch in diameter respectively and interpass was used in some of the experiments resulting in
grinding was employed to avoid inadvertent slag a 30 dB signal-to-noise improvement by averaging
inclusions. A careful record of the defect 1000 frames of data. However, it was unable to
types, new and locations was maintained through- follow the RF displays in real-time and could
out the building up of the weld deposit. A not be transported outside the laboratory. The
sample of the welder's notes is also included in transducer used a tandem periodic array of Sm-Co
Poster 1. permanent magnets with a period ot 0.120 inch.

The overall usable length of the array was
The eld preparation consisted of a simple approximately 1.5 inches and the aperture width

V-groove IJut-weld in a 2-1/4% Cr 1% Mo steel, was approximately .5 inch. a 0.005 inch thick
I" plate stock ordered and certified to meet copper foil "shutter" was used in conjunction
ASME Boiler and Pressure Vessel Code (B&PVC) SA with the transducer to adjust the acoustic
387 Grade 22, Class 2 requirements. The 2-1/4% length by shielding a eddy current from the
Cr-1% Mo steel base metal was selected p-im.arily transducer electrode.
because it was round to exhibit particularly
high EMAT transduction efficiencies due to Using the [MAT system described above a
magnetostrictive enhancement and because it is careful study was made of the weld sample con-
in wide commercial use. The completed weld is taining the cont-ollable defects. The results
shown on the left in Poster 2. Also shown in of the ultrasonic scan of the weld metal depo-
Poster 2 is a weld sample of the same type but sit, radiographic data, and the welder's notes
2 1/4 inches in thickness which as obtained from were compared and are presented in Poster 3.
the Energy Systems Group of Rockwell Interna- Ultrasonic data was taken from both directions
tional. This weld did not contain controllable in order to establish the position of a particu-
weld defects in the weld deposit, but did con- lar defect within the weld deposit by triangu-
tain a number of side holes drilled for the lation and the transducer was operated at
purpose of for transducer calibration, approximately 1.7 MHz corresponding to a beam

entry angle of approximately 38.5% with respect
The method for generating defects of con- to surface normal. The frequency of 1.7 MHz and

trollable type, size and orientation proved to angle of 38.50 were used since it was found that
he very successful. It was found that the inspection at other beam angles resulted in less
tungsten defects held their shape and only sensitivity to flaws or more spurious signals.
showed slight melting of the skin as the molten In particular inspection at 1.5 MHz (450) was
metal on arc passed over them. On the other very difficult because of strong masking of the
hand, the alumina rod showed some melting and flaw reflections by direct reflections from the
edge rounding when the weld puddle was carefully 450 weld preparation.
positioned so that its edge cast against the
rod. when welding directly over the rod, the The mapping of the weld deposit was accomp-
material bubbled severely, actually deflecting lished by moving the transducer along the weld
the arc to one side. Finally the SiC melted in 1/2inch increments over a Lotal distance of
into blobs and spheres, but remained essentially 12 inches. Concurrently, a number of calibra-
in place in the puddle. tion measurements were also made using the empty

side-drilled holes. A comparison of the ultra-
In addition to the alumina and tungsten sonic map with the x-ray data and welder's notes

inclusions, a number of simple calibration showed that all alumina and tungsten inclusions
standards were also prepared by drilling side were positively located with the SH wave system,
holes ranging from 3/32 to 5/16 inch in diameter and their positions corresponded well to x-ray
in the I inch thick base metal. data and welder's notes. In fact, some of the

alumina inclusions were not registered in the
DETECTION OF CONTROLLABLE DEFECTS radiograph because of their low density, but

AND SIDE DRILLEDHOLES IN they were easily detected with the S!f wave
THICK MIG WELDS system. Also, detected and localized were the

lack of fusion areas generated by adjuslin'iq the
A brasshoard SH wave system was assembled welding torch. However, defect characterizatrro

specifically for localizing the naturally occur- based on the acoustic data was not atterip--i
ring and simulated defects described in the although typical signals obtained frr,' the 33,'
preceding section. and 

1
/4 inch diameter inclusions hd s 1qn,0-?n-

noise ratios of better than In dl.
The system used a pair of the periodic

magnet transducers and a tuned transmitter- The results of the back reflection cali-
receiver electronics package capable of oper- hration measurements have been compared to
ating either in "pitch-catch" in "pulse-echo" theory of Sit wave scatterinq from cylindrical
and the transducers were provided with special voids. The results and the experimental
metal "shutters", which enabled them to be arrangement are shown in Poster 4 in which a
operated on plates of less than 2 inches in corner reflection of the signal was used to
thickness. The frequency of operation of the normalize the back reflected signals from the
system could be adjusted in the range 1-1.8 MHz; side drilled holes and a 3/32 inch diameter
corresponding to a range of acoustic beam entry tungsten inclusion. It is interesting to note
anqles of 90'-30' with respect to surface that the measured back-reflection from the 3/32
normal. The electronics package did not include tungsten inclusion in the weld deposit exhibits
a detector stage. Instead, the received ultra- the same reflection coefficient as that from an

550



empty cylindrical hole of the same diameter;
contrary to the theory. This result may indi-
cate that the tungsten inclusion was not in
intimate contact with the weld dpposit -
possibly due to the presence of "soft" impuri-
ties on the surface of the tungsten generated by
the welding process.

SUMMARY

An ultrasonic inspection technique using SH
waves and a welding procedure for placing con-
trollable weld defects in weld deposits were
demonstrated. The results clearly show that SH
waves can offer potential advantages for weld
inspection. SH waves generate fewer spurious
signals and can be frequency scanned. In addi-
tion, EMATs offer the advantage of being able to
operate at elevated temperatures. However, the
advantages of SH systems for weldment inspection
must be weighed against the inherently low
transduction efficiencies of electromagnetic
transducers, which may vary from material to
material - depending on composition, heat treat-
ment, etc. Nevertheless, it is believed that
new SH wave applications in the area of weldment
inspection are in prospect.

.....
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WELD SAMPLE PREPARED AT SCIENCE CENTER WELD SAMPLE PREPARED AT ATOMIC INTERNATIONAL
WITH ALUMINA AND TUNGSTEN INCLUSIONS. DIVISION, ROCKWELL INTERNATIONAL.
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RESULTS OF WELD INSPECTION
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DEMONSTRATION OF THE ALN 4000 MULTI PURPOSE PROCESSING SYSTEM FOR
ULTRASONIC AND EDDY CURRENT QUANTITATIVE NDE*

A. N. Mucciardi
Adaptronics, Inc.
McLean, VA 22102

ABSTRACT

The ALN 4000 Multi Purpose Processing System (MPPS) is a significant new advancement in data
acquisition, real time analysis, and control technology. This programmable instrument is ideally suited
to high-speed signal processing using the most advanced algorithms, including Adaptive Learning
Networks.

INTRODUCTION cases, the 4080 Storage/Display Unit, has all the
switches and status lights, the integral ;,ini-

The interactive capability of the ALN 4000 printer and two miniature tape c(-,ttes. The
greatly reduces the need for operator training, panel on the 4040 Controller/Processor Unit is
The ALN 4000 MPPS consists of two compact, porta- blank except for a power light. There are only
ble units, the ALM 4040 Controller/Processor and three switches, POWER, RESET, and PAUSE; all other
the ALN 4080 Storage/Display Unit functions are controlled via the terminal. There

are three status lights to indicate the current
New developments in semiconductors and the operation: RUN, STANDBY, DIAGNOSTICS.

advent of miniature peripherals made the ALN 4000
concept feasible. The foundation of the instru-
ment is a powerful dual microcomputer system with The peripherals consist of a hand-held LED
several peripherals and dedicated Nondestructive terminal serving as the control unit and keyboard,
Evaluation (NO[) software. Highly specialized and integral miniprinter for hard-copy display
circuit boards perform NO[ functions such as de- results, and a dual mini-cassette system for mass
tection, location, and sizing of material flaws. storage. Alternatively, an off-line typewriter

terminal may be used for more printing capability
The ALN 4000 is designed to perform these NDE as well as for providing a modem to transfer data
functions in as simple a manner as possible and to another computer system for Adaptive Learning
with a minimum of equipment. In addition to the Network (ALN) training or for archival data stor-
ALN 4000, only a transducer, a pulse-amplifier, age. There is digital-to-antlog capability for
and a receiver are necessary. When applicable, a oscilloscope display of waveforms and analog-to-
positioning mechanism (scanner) for the transducer digital capability for digitizing RF signals from
can be included in the NDE system. the transducer. A rectified amplitude oscillo-

scope display is also provided in some models.
SYSTEM COMPONENTS

The ALN 4000 MPPS is packaged in two cases.
As shown in Fig. 1, the front panel of one of the

Fig. 1 ALN 4000 rmxlt-purpose processing system.

This work has been supported In part by the Flectric Power Research Institute under Contract RP1I25-1.
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The MPPS containz, where the application re- 0 Fast Fourier Transform (FFT):
quires it, the hardware and software to control a
scanning device. This permits automatic inspec- Complex FFT of any power-of-two length wave-
tion and increases the speed of the inspection as form up to 256 points; (the current limit can
well as decreases the number of operations per- be extended easily to a larger number of
formed by the operator. points); routine returns the complex coeffi-

cients; arithmetic is performed in 32-bit
HARDWARE/SOFTWARE fixed point form; the routine also incorpo-

rates an automatic scaling feature to prevent
Flexibility of both the system hardware and resolution loss for very low or high level

software has been achieved. The design reflects a signals.
desire to minimize the effort required to modify
the instrument for different applications. The 0 Signal Averaging (Temporal Averaging):
data acquisition system for ultrasonic applica-
tions can be programmed for different sampling Summing of several waveforms while holding a
rates (up to 20 MHz). To convert the MPPS for use transducer at a fixed position, the random
with eddy current applications, the A/D board and noise components in the received data will
associated software are simply replaced. Software cancel but the coherent signal transients
changes are made as easily as changing a tape cas- will add.
sette. Data for specific applications can be en-
tered via the keyboard, or prepared at an earlier 0 Beamforming (Spatial Averaging):
date and stored on cassette. The software modules
that are applicable in any NDE system are Averaging several waveforms recorded at

permanently resident in the ALN 4000. These will different positions; each waveform is delayed
include supervisory programs, self-test diagnos- before averaging so the signals add coher-
tics, I/0 dryvers, DMA routines, and signal pro- ently; beamforming reduces coherent noise
cessing routines. Those routines and data that sources.
are application-specific are stored on cassettes
and include the transducer scanning protocols, ALN Bandpass Filtering:
structure and coefficients, and routines to drive Digitally filtering signal components outside
and control the scanning device, of a desired bandwidth; the filter pass hand

OPERATIONAL MODES characteristics can be changed easily to
accommodate any bandwidth of interest.

Three modes of operation are possible using ac h Fiterng/Convolutio n

the ALN 4000. Match Filtering/Convolution:

One is a data collection and digitization Convolving a known response with a noise
mode to store sufficient data to provide a data waveform to detect a signal of interest.
base necessary for ALN network training, for exam- 0 Convolution/Deconvolution:
ple. If a scanner is present, it may be con-
trolled by the ALN 4000 in this mode to automate
the collection procedure. Adding/eliminating a specific signal to/fror

a noisy waveform.
The second mode is on-line analysis to be

performed at the inspection site. This includes 0 Correlation
control of the scanning device, signal conversion,
and ALN processing to provide NDE diagnosis such Auto-and-cross-correlation of waveforrs.
as crack detection and sizing on-line and in real-
time.

A third mode of operation is off-line analy-
sis to provide an inspector with t apability of
seTecting waveforms from the mass storage device
and to perform signal processing operations as
desired. The use of the off-line terminal in this
mode will provide printing capability. The modem
permits data transferal to another computer. Use
of an oscilloscope will provide a display of the
waveforms.

ALN 4000 MPPS SIGNAL PROCESSING SOFTWARE

A number of signal processing routines exist
in pre-programmed (PROM) form and are supplied
with the ALN 4000 MPPS as part of a signal pro-
cessing library. Each routine has been coded to
take full advantage of the high-speed arithmetic
processing circuits. The user can incorporate
these routines into new programs in a manner simi-
lar to the way scientific package sub routines can
be incorporated into FORTRAN programs.
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PORTABLE INSTRUMENT FOR DETECTION OF SURFACE
FLAWS USING EMATs

C. F. Vasile, R. B. Houston and E. Pongracz-Bartha
Rockwell International Science Center

1049 Camino Dos Rios
Thousand Oaks, California 91360

R. E. Lee
Albuquerque Development Lahoratory

Rockwell International Science Center
2340 Alamo, SE

Albuquerque, New Mexico 87106

ABSTRACT

The wrk reported here is the development of a first prototype portable ultrasonic inspection
instrument based on EMAT (electromagnetic acoustic transducer) technology. The goal was to demon-
strate EMAT inspection capabilities for small-size flaws in metal parts and to build a self-contained
NDE unit that had a high degree of signal processing on-board so that human interpretation was mini-
mized. The unit also served as a test bed, so that a number of new concepts could be evaluated. This
instrument is viewed as an important step in the development of future NDE equipment.

DESCRIPTION OF UNIT AND BASIC CAPABILITIES preset level is derived from a "standard" used
for calibration. The LC meter displays the

The EMAT flaw detector instrument (see ratio (in dR) of the signal from the flaw under
Fig. 1) is capable of launching and detecting investigation compared to the standard. Posi-
ultrasonic energy in metal parts using trans- tive readings indicate flaws reflecting more
ducers that are physically searate from the signal than the standard and negative readings
specimen under investigation. * This operation less signal than the standard.
eliminates the inconvenient and restrictive
coupling medium (fluid) that is required by
conventional piezoelectric ultrasonic instru-
ments. The prototype is designed to inspect for
surface flaws in both ferrous and nonferrous
materials using a 1 MHz surface-acoustic-wave
launched from a unidirectional EMAT trans-

ducer. This single transducer serves both as a
generator and detector of straight crested
surface waves. The unit is a radical departure [ v
from conventional equipment in that all informa-
tion can he displayed in a digital format using .i J
the front panel digital LC (liquid crystal)
display. Front panel ports are available if a
display of reflected signal amplitude versus -~[ i .
time (A-scan) is desired.

The instrument has two modes of EA i, TC

operation:

Search Mode - Ultrasonic signals are introduced
into the part and reflections monitored automa-
tically. Reflected signals larger than a thres- Fig. 1. Photograph of EMAT Flaw Detector
hold that is operator-set sound an audio Instrument.
alarm. The distance between transducer and flaw
is automatically displayed on the digital The unit is self-testing in that the trans-
meter. Stray reflections are excluded by a mitter signal can be monitored and displayed on
range-gate circuit (set accordinq to the size of the LC meter. Also, the battery (or power
part under Inspection) so that natural part supply) condition can he displayed. The thres-
boundaries will not trigger the unit. A number hold level (corresponding to the calibration
of closely spacd flaws can he separated standard) can be set from a 10-turn potentlo-
(resolved) by a "siqnal select" circuit that meter and is displayable on the digital meter.
allows monitoring of the first, second (etc.)
reflections occurring in a given time The instrument is designed to operate on an
interval. internal battery that will allow over B hours of

continuous operation between recharging
Inspction Mde - The instrument measures the cycles. Repetition rates at which ultrasonic
magnitue of th signal reflected from the flaw pulses are generated can be set at either
and compares it to a preset signal level. This 100 pulses/sec for fast inspection or
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i pulse/sec for increased battery life. The properties of different flaws, one can use this

instrument battery can be fully recharged in instrument to perform flaw characterization.
about 8 hours through a front panel jack.
Alternatively, where dc power is available, an

external power port (12 volts at 0.6 amps) can
be utilized to supply the required power to the
instrument.

An rf output signal is available at the
front panel, along with a synchronizing pulse
for oscilloscope display of the detected flaw
reflection. Signal levels of about 50 to 100 mv
are achieved for flaws 0.010 inches deep and
0.25 inches wide on the surface of a ferrous
metal (corresponding to a signal-to-noise ratio .. m
of better than 20 dB at the 1 MHz frequency of
operation).

TRANSDUCER ELEMFNT

EMAT transducers rely upon the forces pro-
duced in a metal part when eddy currents induced
by an excitation coil interact with an applied
static magnetic field from a permanent magnet or Fig. 2. Photograph of EMAT Transducer Coils
electromagnet to generate acoustic waves. The for Unidirectional Ultrasonic
resultant surface traction forces, similar to Generation of Surface Waves.
the forces present in an electric motor, are the
cross-products of the induced surface current ELECTRONICS SIGNAL PROCESSING CAPABILITIES
density times magnet field strength. Due to the
wide variety of coil and magnet configurations The electronics of the EMAT flaw detector
possible, EMATs are capable of producing can he subdivided into four functional blocks:
numerous types of acoustic waves (surface, (1) a high power transmitter, (2) a low noise
horizontal and vertical shear and longitudinal receiver, (3) analog signal processing and (4)
waves), signal digitization, sampling, and display.

The particular EMAT transducer used here is The transmitter is composed of a pulser and
composed of 2 printed circuit coils with peri- a dual I MHz bipolar transistor power amplifier
odicity of -3.0 mm that are interlaced (using a circuit, used to drive a high current tone burst
two-sided PC board and plated-through holes for of 14-cycles duration, 60 amps peak-to-peak
connection) so that when each coil is driven at through the coils. The low impedance of the
1 MHz and 90 degrees out of phase with respect EMAT coil is matched to the transmitter using
to each other they produce a unidirectional ferrite core step-up transformers and discrete
sound beam about I inch wide. As a result, this reactive components.
EMAT is unidirectional with a front-to-back
rejection ratio better than 30 dB. The dual-channel receiver circuit employs

low-noise FET transistors to achieve two
The magnetic field is derived from a pair purposes. First it amplifies the return signal

of adjacent samarium cobalt magnets 1" long by and establishes the electronic noise figure of
1/2" wide that are oriented "N-S and S-N" and the unit. Second, it compensates the phase
cover the entire back surface of the EMAT. A imbalance of the two signal channels. Since the
soft-iron keeper is used to close the flux path same EMAT sensor is used to both generate and
at the rear of the transducer so that the field detect the ultrasonic signal, dual hack-to-hacd
produced is essentially uniform and normal diodes and reactive shunting elements are used
magnetic fields i the coil region to protect the receiver from the direct trans-
(Br -4000 Gauss). There is a "scratch mitted signal and filter out noise. Matching
protection" layer (of a tough polymer material circuits at the receiver input raise the
5 mils thick) that covers the front of the impedance level to optimize the signal-to-noise
coils. The entire transducer assembly occupies performance of the amplifier section. Four
a volume of about 1-1/2" x 1-1/2" x 1-1/2" and stages of amplification produce a gain of 80 dR
can be easily maneuvered by hand. and a rpcovery time of about 20 isec (from the

conclusion of the transmitted signal). This
As stated above, essentially straight allows flaws of .01" depth and 0.1" width to he

crested surface waves are p'oduced by this probe easily detected at any range between 1.5" to 18"
design. This can be used as an aid for deter- in front of the [MAT probe.
mining the orientation of flaws. "Crack-like"
flaws produce maximum reflection when the wave The analog signal processinq performed in
fronts of the incident surface acoustic wave are this unit is through use of a "correlation
aligned parallel to the length of the flaw. receiver", which acts as a nearly matched filter
Thus, by pointing the transducer at the flaw and to the triangular-shapel rf waveforms character-
scanning it about the flaw, a maximum return istic of flaw reflections in MAT systems.
corresponds to parallel alignment with the Figure 3 illustrates the block diagram. To
flaw. If equal scattering is observed over a perform the matched filter function and maximize
broad angular distribution, then a pit-like flaw the S/N ratio, the correlation receiver uses two
is Indicated. Ry knowledge of the scattering channels: I (in-phase) and Q (quadrature-
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phase). Each channel is driven by a separate A full description of the digital circuits
EMAT coil and 80 dB preamplifier. The two- which allow display of the various signals and
channel multiplier circuit multiplies the re- time delays is omitted since it is too detailed
ceived flaw signals with a suitably delayed to be presented in this paper.
square wave hurst supplied by the burst genera-
tor (at the time delay corresponding to the SUMMARY
ultrasonic range element being inspected for
flaws). The square wave burst BI is phase- A prototype portable [MAT instrument has
shifted 900 from R so that no matter what phase been built which is capable of inspecting metal
the return flaw Anal has. there will be a parts for minute surface flaws. Significant
multiplied output in one channel or the other. features of the EMAT unit are:
This approach essentially removes the phase
sensitivity of the measurement technique. The 1. Flaw detection demonstrated by de-
product signals are integrated separately to tecting EDM notches 0.01" deep by
produce a voltage level corresponding to the 0.25" wide over a transducer to flaw
signal energy in each channel. The output of distance of 1-1/2" to 18" range on a
the integrator circuit is polished steel plate. (15-20 dB S/N

ratio).

T 2. Unidirectional ultrasonic transductionfB(t) S(t) dt, (30 dR front to back isolation).
0

3. Sonic alert signal when flaws above a

certain threshold are found.
which (except for a time inversion) is the
convolution of the flaw signal with the 4. Automatic readout of distance between
reference which we desire to achieve. The the probe and the flaw.
output of the integrators is then sampled indi-
vidually and stored as analog voltage levels. 5. Digital output reading that is related
An additional operation is performed involving to flaw scattering strength.
the square root of the sum of the square of the
two integrator outputs. This operatiun is 6. Ability to determine orientation of
required to preserve the linearity of the detec- crack-like surface flaws.
tion process independent of phase. The output
undergoes further signal processing to achieve 7. Battery operation for field use.
the ratio which is displayed as an output on the
LC display. Although the present FMAT transducer head is

designed to inspect flat samples, curved or

shaped heads will allow inspection of other
geometries (pipes or bars). Also, volume
(interior) flaws are easily detected using a

..... modified EMAT transducer that emits shear or

longitudinal waves into the part under
inspection.

IF i" -- Non-contact ultrasonic transduction of this
"- -4 tx FMAT instrument offers the possihility of very

rapid inspection of large area metal parts.
"*-" This type of equipment is expected to advance

-, I,.... the state-of-the-art in NDT inspection over the
4'- next few years.

PF[RENCI S

1. R. 8. Thompson "Ilectromagnetic, Non-contact
Transducer", 1973 Ultrasonics Symposium
Proceedings , p395 (New York ItIt, 1973).

Fig. 3. Block Diagram of Correlation 2. R. B. Thompson "Electromagnetic Generation
Receiver Portion of FMAT Flaw of Rayleigh and Larh Waves in Ferronagnetic
Detector. Materials", 1975 Ultrasonics Symposium

Proceedings, p633 (New York IFFI, 1975).
The main advantage of the correlation

receiver is the improvement in signal-to-noise 3. R. R. Thompson "Non-contact Transducers",
performance offered (to within n.7 dR of exact 1971 Ultrasonic Symposium Proceedings. p74
matched filtering). It offers substantial (New York IIFt, 1977).
advantages over narrow hand tuned filters for
noise reduction, which spread the pulse width
(reducing time resolution) and distort the phase
linearity. The two-channel approach exhibits a
3 d8 noise figure degradation compared to a
single-channel approach; however, the two-
channel system is phase-insensitive (as required
by the detection process).
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CODED APERTURE IMAGING IN NDE*

T. M. Cannon and E. E. Fenimore
University of California

Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

It is sometimes the case in nondestructive evaluation that the position and intensity of a faint
radioactive source must be determined. A simple pinhole camera may suffice in many instances, however
its small collection efficiency may result in unreasonable exposure times. To correct for the low
collection efficiency, a multiple-pinhole (coded) aperture can be substituted for the single pinhole.
The result is that many more photons are collected by the camera, however the resulting picture is
scrambled beyond recognition and must be somehow decoded. Various coded apertures have been used in the
past, including Fresnel zone plates and random arrays.

Recent work at Los Alamos has produced a state-of-the-art advance in coded aperture imaqinq. The
sensitivity of the coded aperture system can be greatly increased by the use of a newly developed
uniformly redundant array (URA) as the camera aperture. When coupled with recent advances in computer
decoding methods, the URA coded aperture camera can produce imaqes that are totally free of the arti-
facts that hinder other approaches.

*Work performed under the auspices of the U. S. Department of Energy, Contract No. W74f05-ENG-36.



ACOUSTIC EMISSION MONITORING OF IN-FLIGHT CRACK GROWTH
IN AIR CRAFT STRUCTURES

P.H. Hutton and J.R. Skorpik
Battelle Northwest

Richland, Washington 99352

ABSTPACT

Purpose of the program is to evaluate acoustic emission (AE) for in-flight detection of fatigue crack
growth in aircraft structure. A special AE system was developed and installed on a RAAF flacchi jet
trainer. It has been effectively measuring AE from a fatigue crack since August, 1978. Work Is continu-
ing to investigate correlation of AE data with crack growth.

P ROGPA M REVI EWA

This program was funded by the U.S. Defense Acknowledgements
Advanced Research Projects Agency for application
to a Rcyal Australian Air Force aircraft. The The significant contributions made
purpose of the program is t, evaluate the use of by J. F. Dawson, Battelle, to this
the acoustic emission (AE) technique to provioe program are gratefully acknowledkged.
a definitive continuous monitor of fatigue crack Also, Australian ARI and RAAF jersonnel
growth in a critical aircraft structural member. provided outstanding cooperation and

assistance.

The Droqram started in September, 
1977, with

Phase I consisting of defining technical and pro-
cedural details and developing and fabricating an
AE monitor system. A unique AE monitorino system
was fabricated and laboratory tested. (Fig. 1, 2)
It utilizes a source isolation feature to distin-
guish AE signals originating from an identified
area of interest. Two parameters of AE information
are recorded on one solid state digital memory for
later retrieval and analysis. (Fig. 3) Phase I
was completed in April, 1978.

Phase 2 was concerned with installina and
testing the AE monitoring system in an aircraft.
Installation was made in RAAF Macchi 326 aircraft
A7-021 during a major maintenance overhaul (Fig. 4,
5) The system is monitoring AE from fatigue cracks
in a fastener hole in the tension member of the
wing structure center section continuously durino
flight. (Fig. 6) Installation was completed in
August, 1978, with four test flights to evaluate
system performance and make necessary adjustments.

Battelle Northwest is providinq follow-up
support to the Australian Aeronautical Research
Laboratory (ARL) on this program under a continuing
Phase 3. This support includes assistance in data
analysis and correction of any A[ system problems.
Evaluation of data from the first 25 flight, shows
that background noise and transient signals are not
a problem, that the character of the data is
rational and that the AE is influenced by the type
of flying--i.e., low level, fnrmation, aerobatics,
etc. Sample results from individual flights are
shown in Fig. 7, 8, 9. Evaluation of correlation
between AE and crack growth will require at last
a ypar of data gathering to assimilate sufficient
crack growth data points.
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AN EMAT SYSTEMI FOR UETECfING FLAWS IN STEAM GENERATOR TLBES*

R.3. Thompson, R.K. Elsley, W.E. Peterson, C.F. Vasile
Rockwell International Science Center

Thousand Oaks. California 91360

ABSTRACT

The detection of flaws in steam generator tubing is often made difficult by environmental consider-
ations. The small dia-neter. 7/8 inch (2.2 cm). long. 70 feet (el.3,n), tubes occur in large bundles with
access only being possible froa the inside of the end of each tube. Furthermore, inspection must be
fully automatic when the steam generator is part of a nuclear power plant because of radiation exposure
limits. Consequently. a couplant free probe which can be operated remotely at the end of an automatic
probe puller is needed. This paper summarizes the development of an EMAT system for this application.
The device uses periodic permanent magnet probes to excite the fundamental torsional mode traveling
along the axis of the tube. Included is a discussion of data obtained during a recently completed
feasibility study and a description of a prototype system presently under construction.

SUMMARY tube of greater length. The flaw reflection.
signal number 2. would then stand out cleanly.

-igure I presents the prablem, which is made These results illustrate the important p-operty
Jifficult by a radioactive envi-onment. difficulty that EMATs can detect flaws at a distance.
of access, and complexity of flaws.

Figure 5 presents a block diagram, and a pho-
The ultrasonic approach being developed is toIraph. of the system under construction.' It

summarized in Fig. 2. Ultrasonic waves are ex- will De seen that digital signal processing is
cited by an EMAT probe, which has the advantage used because of its flexibility in implementing
tOat no couplant is required. In particular, the matched filtering and other signal processing op-
periodic permanent magnet geometry is used to erations.
excite the fundamental torsional mode of the tube.
This will provide new information which is comple- Figure 6 is a photograph 'f a steam generator
mentary to that obtained by eddy currents, and mock-up in which the system wit! be evaluated.
which experiences less interference in the pres-
ence of support plates, dents and other geomet- Figure 7 presents a summary of the present
rical complexities. status, and future direction, of the program.

Figures 3 and 4 present data obtained during a REFERENCES
previous feasibility study, which demonstrated the
unique capabilities of the EMAT approach. In Fig. 1. C.F. Vasile and R.B. Thompson. "Excitation of
3. the use of EMATs to detect flaws in dented re- Horizontally Polarized Shear Elastic Waves by
gions is demonstrated. In these measurements, Electromagnetic Transducers with Periodic
made at 500 kHz, it was seen that a 2.51 dent pro- Permanent Magnets." J. Appl. "Phys. 5U 2583
duced a weak ultrasonic reflection, but that a (1979).
partially through hole produced a much larger re-
flection. Detection of flaws in dented regions 2. C.F. Vasile and R.B. Thompson. "Evaluation of
thus appears feasible. Electromagnetic-Acoustic Concepts of

Inspection of Steam Generator Tubing." EPRI
Figure 4 shows that flaws in J-bends can be report NP-519 (Electric Power Research

detected by probes placed outside of the U-bend Institute, Palo Alto. 1978).
region. In this experiment, the probes were
placed at opposite ends of the U-bend for conven- 3. 4. Thompson. "Oevelopmnent of a Prototype EMAT
ience. However, they could easily be placed at System for Inspection of team Generator
the same end. The multiple signals, produced at Tubing." in Nondestructive Evaluation Program.
the ends of the short sample by mode conversion, Pruress in T 7-.- Report-- EPP- -NP---23- S -

would not be present in a real steam generator CMlect-r L J-r Research Institute. Palo Alto.
19/9).

*This work was sponsored by the Electric Power Research Institute. Palo Alto. California, under [PRI
agreement S101-1.
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AUTOMATIC, HIGH SPEED INSPECTION REQUIRED

* RADIOACTIVE ENVIRONMENT

" HIGH NUMBER OF LONG TUBES

*LARGE ECONOMIC COSTS OF REACTOR DOWN TIME ~ ~

*DIFFICULT ACCESS

FLAW INDICATIONS IN EDDY CURRENT INSPECTION CAN

BE OBSCURED BY

" DENTS 4

" U-BENDS

* SUPPORT PLATES

Fig. 1 Statement of problem.

ULTRASONIC WAVES EXCITED BY EMAT'S

" COUPLANT FREE PROBES HAVE OPERATIONAL CHARACTERISTICS COMPATIBLE

WITH EXISTENT EDDY CURRENT PROBE PULLERS AND REMOTE CONTROLLERS.

" ULTRASONICS PROVIDES NEW INFORMATION

- COMPLEMENTARY TO EDDY CURRENT INFORMATION

- LESS OBSCURED BY SUPPORTPLATE S DENTS, ETC.

" LOW LOSS AT 340 KHz ALLOWS WAVES TO RECOVER INFORMATION FROM

U-BENDS WITHOUT PROBE ENTERING REGION.

* TRANSDUCERS DESIGNED TO EXCITE SINGLE, TORSIONAL MODE PROPAGATING

ALONG TUBE AXIS.

FUNDAMENTAL

BASIC EMAT ELEMENT TORSIONAL MODE

Fig. 2 Summary of EMAT solution.
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INITIAL FEASIBILITY STUDY

Fig. 3 Detection of flaws in dents.
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S(BABCOCK INLCOX STEAM GENERATOR TUBES

CONFIGURATION) E

LOWER ENTRY PORT
(WESTINGHOUSE) AND
COMBUSTION ENGINEERING
CONFIGURATIONS)

Fig. 6 Evaluation at steam generator mock-up.

" PREVIOUS FEASIBILITY STUDY DEMONSTRATED THAT EMAT'S COULD BE USED

TO DETECT FLAWS IN STEAM GENERATOR TUBES.

* PRESENT PROGRAM WILL TEST A PROTOTYPE OF A FULL SYSTEM, COUPLED

WITH AUTOMATIC PROBE PULLERS, IN A STEAM GENERATOR MOCK-UP.

* FUTURE EFFORTS WILL DEVELOP FLAW CHARACTERIZATION PROCEDURES

AND REDUCE RESULTS TO PRACTICE IN ON-LINE STEAM GENERATORS.

Fig. 7 Conclusions.
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INSPrCrION OF TIL LOWER HALF OF WING LAP JOINTS WITH UMATS*

J.F. Martin, P.J. Hodgetts, R.II. Houston,
R.B. Thompson, and D.0 Thompson

Rockwell International Science Center
Thousand Oaks, California 91360

ABSTRACT

Detection of fatigue cracks at the fastener holes In the lower portion of the C5A wing lap joint is
complicated by lack of a direct line of access, and by the presence of fasteners and sealant oaterial.
Furthermore, any successful detection procedure must take into account the wide variation in the georiet-
rical features of the joint. In this work, periodic permanent magnet EMATs (electromagnetic-acoustic
transducers) have been employed to excite the n=o horizontally polarized shear mode of the skin at
200 kHz and 250 kHz. These modes are partially transmitted into the overlap region joined by the fas-
tener. Spectral analysis of suitably time gated and apodized portions of the reflected waveform have
allowed simulated cracks growing out of fastener holes to be detected, and preliminary sizing algorithms
have been developed.

SUMMARY lant free, FMAT (electromagnetic-acoustic transduI-
cer) operating at 250 kIIz and placed on the right

A major problem in aircraft maintenance is the hand exposed portion of the lower half of the
detection of cricks growing from fastener holes In joint. The energy propagated around the disconti-
wing lap joints. As shown in Fig. 1, the problem nuities, interrogated the f, ener region, and re-
is particularly difficult in the lower half of the turned to a receiving EMAT probe. An analog-based
joint, where direct measurement is obscured by Fourier transform signal processor analyzed the
intervening metallic and sealant layers. The for- experimental data. Horizontal shear waves were
mer Is opaque to all but low frequency eddy cur- chosen in order to minimize loss In received
rents, whereas the latter has a variable, and ultrasonic energy due to mode conversion.
often high, attenuation for, ultrasonic waves in
the MHz frequency range.
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* THIN SKIN ACTS AS A WAVEGUIDt W10ICH CfIANNI LS I NI RGY TO
LOWER JOINT

Fig. I The problem: to detect cracks in lower
plate of wing lap joint.

The work described herein, funded by AFML and
DARPA, includes a completed study performed in
197,8 (Ref. 1) and a new study in progress. 1 . .

The 197. study was done largely with an unas-
sembled rnockup of the loweT' half of the joint. It n MOI) ISMOISI SI FIt SINCI 1141 INTIIPI I TATIIN 0 114
contained 13: fastener holes, 12 of which were us- DATAISSIMPLIST
able for experimental purposes. Four of the holes
had a n.010" wide saw slot of lengths 0.030", Fig. ? 1pproach: Detection of cradks under
0.11", 0.20', and 0.26", emanating fro the hole fasteners with IMATs
perpendicular to the lap joint towards th edge of
inebnher II of F ig. 1. F i gre 3a shows .ctiual transducer positions On

tu, mockd.p iml the rpceived an1 anal yzed wave-
Figure " illustrates the appro,ich. The waves forms. The initial ulso contered at ahout 11) ;.s

were Injected into the lap joint reg.i on by .m coup- in Fi,. 3b Is th r,"silt of rf loa ae frii tho

*This research was sponsored hy the Center for Advnced NIP opeIratud hy the Pnckwell InteroatI? nal
Science Center, for Ihe Advanced Research Projects Agency Arid the Air I il'e ?IIter1.1 ", oahbllor.!
under Contract '7. rJ3l61-4- -r1MO.



tra:.nitter to the receiver. In effect, the function for this nodel affirmned the presence of
receiver acts as a radio antenna. This leakage this interference null within the bandwidth of the
has been found to be quite useful since it pro- EMAT transfer function (Fig. 4b). Figure 4c shows
vides a ,neasure of the true zero of time for the results when an experiment with 0 = 450 was
measurenent of acoustic delays. The signal performed on the wing mock-up. Indeed, there is
centered near 60 us is the reflection fron the an interference null, and its depth does decrease
first step encountered in the wing lap joint, as the saw slot length increases. This allows a
This merges with the reflection fron the extreme measurement of the length of the slot based on
plate edge, which is centered at approximately 80 this null only.
us. At 110 us, the reflection fron the end of the
stiffening rib (member C) is just beginning. The effort in Ref. 1 also included experiments
Figure 3c shows the signal after the lanning on a real wing lap joint supplied by AFML into
apodization function is used to gate out all but which a 0.100" saw slot was inserted. 3oth re-
the flaw inforinition. Figure 3d is the Fourier flection and transmission data was collected and
transform of the waveform shown in Fig. 3c. analyzed. Figure 5 shows the experimental setup

and the results. With the bolt removed, the
Note that Fig. 3a shows two paths for an 0.100" saw slot definitely decreased the depth of

acoustic beani to travel: LI and L2. The concept the interference null. Furthermore, the data in
used to guide the analysis here is that uncracked transmission indicate that the acoustic energy
holes yield a signal which is a sum of the signals transmitted through the lap joint was also af-
fromn both paths I., and L.. That sumr will show, at fected by the presence of the saw slot. Hence,
some angle 0, an interfe~ence null in the Fourier this 1978 work demonstrated-the feasibility of

spectrum. The size of the signal due to the path using EMATs and horizontally polarized shear waves
L? will decrease as the crack or slot increases in to detect fatigue cracks growing from fastener
length and therefore the depth of the interference holes in the lower half of the joint. Saw slots
null will correspondingly decrease. A theoretical originating in the fastener holes were success-
model of the wing lap joint was constructed based fully detected and the ultrasonic response quanti-
on a -;ingle node equivalent circuit. When coin- fied in terms of slot length. However, the pri-
bihed with ,,easure,-ets of the Jo.1etry of the nary limitations of that study included a high
nock-up, the calculation of the structure transfer noise level, the lack of an opportunity to study

PROCESSED WAVEFORMS
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CRACK DESTROYS INTERFERENCE NULL BY ELIMINATING ONE WAVE PATH

CONFIGURATION
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Fig. 4 Data on mock-up sample

LABOHATORY SYSTEM REFLECTION DATA
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rig. 5 Dati on foal wing lap jnint



real fatigue cracks in assembled wing joints, and 3. lhe graphical display capabilities of the
the lack of an opportunity to explore procedures computer can he enployed for comparison
which were adaptable to changes in part geometry, purposes.

The new study, in progress now, has as its Figure 6 shows the results of the first
objectives: experiments on the original mockup, unassenhled.

Here 9 was varied over 5 angles from, 4
0 

to 500.
I. to achieve refinement of the system devel- Notice that the curves generated by the Fourier

oped in Ref. 1 and to establish procedures transform for the hole with no slot are all very
to distinguish flaw responses from sample- similar in shape. However, the same angles for a
geometry-determined changes in the ultra- slotted hole yield curves very dissimilar in
sonic response; shape. This kind of comparison could he easily

.. to prepare, and use in experi:ents, a mini- quantified with appropriate software in the
mum of three wing joint specimens, two of computer for a yes/no decision on whether a crack
which would contain laboratory grown in- was present. Furthermore, this technique may
terior layer corner fatigue cracks; prove to be less geometry dependent than the use

3. to develop a preliminary configuration de- of data at just one 0.
sign of an EMAT systen suitable for field
inspection of wing lap joints for such The current directions of the new study
cracks. include:

In order to achieve objective I., the 250 kHz I. detailed mapping of the acoustic energy
EMATs were replaced with 200 kHz devices in order field in the region of the fastener hole
to avoid all but the n=o mode of acoustic propaga- with a special, small area, FMAT probe;
tion. The power supplies for the amplifying elec- 2. preparation of 2 fully assembled specimens
tronics were replaced. Finally and most important with laboratory-induced fatigue cracks;
of all, the analog signal processor was replaced 3. investigations of the effects of the seal-
by a minicomputer-based data acquisition and ant and other geometrical variables;
analysis system. The computer is used to acquire, 4. selection of the design parameters of a
gate, and Fourier transform the time waveforms. 4 fieldable instrument.
few of the resulting advantages are:

1. Averaging of up to 250 signals can be used REFERENCE
to improve the signal-to-noise ratio.

2. Data can be collected once, and then the 1. "Detection of Cracks in the Inaccessible
location of the gate and the type of Lower Half of Wing Lap Joints Using EMATs,"
apodization used can be varied for the same Air Force Materials Laboratory, Contract No.
data. This allows accurate comparison of F33614-74-C-5180, Science Center Report
the effects of these different parameters. No. SC595.4435A.

COMPUTER USED TO GATE AND ANALYZE SIGNALS

" SIGNAL AVERAGING USED TO IMPROVE SIGNAL TONOISE RATIO.

* FLEXIBILITY IN SELECTION OF GATE LOCATION AND APODIZATION.

NO CRACK 0.2 IN. CRACK

I L _- ... °

Fig. 6 New results as function of angle.
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G. T. Alers
Albuquerque Development Laboratory

Roc well Interoa ional
2340 Alamo, SL

Albuquerque, New Mexico 87106

R. R3. Thompson
Science Center

Rockwell International
1049 Carino Dos Rios

Thousand Oaks, California QI30C

AF(STRACT

When gas or oil pipelines mojst be laid through sand or lerilafrost or other unstable Soils, the
pipe walls can be subjected to large bending loads if the soil shifts. In order to detect this condi-
tion and correct i', it would he useful to m nitor !he state of stress along the pipel ine at regular
*ine intervals using a vehicle that is onved through the 1 ine by the fluid or gas in it. The experi-
vents described here demonstrate that such a vehicle, using FMATs to excite and detect ultrasonic
wav-s in the pipe wall, would be feasihle because the transduction efficiency of the [MAls and thus
the insertion loss of such a system can be related quantitatively to the stress level in the pipe
wall.

INTRODUCTION
100

Whenever a gas or oil pipeline must be laid " -eoK SI TENSION N

in unstable soil (such as in perlafrost or on a 9o '.
sandy ocean floor), it may be subjected to earth s0 0 KSI
mnvemnents which can hend an entire section of okil /
the line. The bending stresses thus induced in 70 /
the pipe wall when added to the stress arising \ /
frol the high pressure contents of the pipeline Co / /
may lead to critical stress levels and possible 0 /1i
rupture of the line. To avoid such a catas- -.

trophe, the designer oust consider the worst 40 I I
case and i-ust specify additional wall thickness .

along the entire route that is in unstahle 30 I
so il. If a reliable inspection method could he .n'

levised to monitor the stress level in the pipe 20
walls, less steel would have to he uned because I0 sox ma
the development of dangerous amounts of bendinq cOpwmo" -

S ."
could he detected and corrective actions taken .. .
before the safety of the line hecoes question- -6 -5 -4 -3 -2 -I 0 .1 .2 .3 -4 -5 .6
abIe. 20 (e flectromdqnet Voltane 1-)20 OP,

Several years ago, it was shown that an
instrlcented vehicle could he sent through a l iq. 1. 1xperimental deoonstration Of the
pipeline to inspect it for wall thinning flaws effects nf stress on the efficiency of
by an ultrasonic Lart wave technique. The elect' ,'agnetic, acousstic trans-
transducers used to excite and detect the lamb ducers. See Ref. 3.
wavs were of a noncontactinq, electromagnetic
type that itil ized the magnetostrict ive pro- field for different states o

f 
stress in a bar of

perties of the steel for interconversion f iron under the transducer. Clearly, hy charac-
electrical currents and ultrasonic waves. It terizing the shape of each curve with a single
was lter demonstrated in the ARPV/AFML pro- parameter, the value of that parallieter could he
gram, that this magnetostrict ive nechanistoi of used to infer the magnitude and sign of the
transduction was very sensitive to the presence stress level act inq on the metal.
of stresses in the retal under the transducer
coils. T fact. a measurement of t te efficiency The object ive of the experiments described
of transduction as a function of appl ied lag- in this paper was to demonstrate that by com-
npt ic field could he ised tn make a quantitative bilinq the ultrasonic technique for detecting
dotprinat ion of hnth the direction and magni- flaws in a huried pipeline with the phenomena of
'Ide of this stress level. An example of these stress dependent transducer efficiency, it would
previous rpsults is shown in Fig. I which plots be feasihle to monitor bending stresses along a
the amplitude of acnnsic wave generated NV an qas or oil pipeline traversing a region of
lcctromalne tic koustir Transducer ([MAT) as a instahl soil. The approach used was to assem-

f11nri'on of applied, langenti il magne'ir hle a rchanical device for bendinq a 3 inch

, 7 ?



diameter, 40 foot long piece of gas linepipe at Ow
the Science Center and then to measu-e the
magnetic field dependence of the transduction

efficiency of a EMAT placed in the region of
maximum wall stress. By placing the EMAT at
different locations around the circumference of
the bent pipe, it should be easily possible to
observe the effects of both the compressive and
tensile stresses that occur on opposite sides of
such a bent structural element.

EXPERIMENTAL APPARATUS

Since an EMAT system for detecting flaws in
large diameter pipes was already available at
the Science Center, the most serious problem was
the construction of a device to subject a large
diameter pipe to a bending stress. Figure 2\H J ( JAC 1

Fig. 3. Photograph of the apparatus used to
bend the pipe.

Ppe Delectie.. (1.e"I

S e ,tlcll,(ld n
311' !ia 40 I' o PIM LW OJSTRJBUTI! aP

Fig. 2 Drawing of the scheme used to subject a
36 inch diameter, 40 foot long joint of
gas pipeline to a bending stress.

displays a drawing of the apparatus designed to
convert the force of a 200,000 pound capacity
hydraulic jack into a bending moment. If the
pipe could be considered as a rigid beam, simple
mechanical formulae show that 200,000 pounds of
force at the jack should deflect the two ends of . . ._._•_______....__
the pipe by 1.7 inches and subject the 0.4 inch oft of goo I 100
thick pipe wall directly under the jack to a
tensile or compressive stress of 47,000 psi (OW.)

(assuming a 22 degree angle for the pull Fig. 4. Strain measured on the ID of the pipe
rods). Figure 3 shows a photograph of the on the bottom (tension) side-Curve F-
completed mechanical structure which used four, and on the top (compression) side-
2 inch diameter aluminum alloy pull rods to Curve B-as a function of deflection of
transfer the load from the jack to the ends of the end of the pipe.
the pipe.

between the pole pieces of a large permanent
Electrical resistance strain gages were magnet positioned about five feet away. In this

distributed around the interior circumference of way, the relative signal amplitudp generated by
the pipe to make measurements of the actual the transmitter EMAT could be measured as a
state of stress in the pipe wall so that the function of current in the electromagnet
pressure in the hydraulic jack or the end de- coils. It was very important that this electro-
flection values could be used to deduce the magnet be powerful enough to generate a magnetic
values of stress existing in any given experi- field sufficient to achieve the maximum in
ment. Figure 4 shows the values of the strain transducer efficiency that characterizes the
observed at two key locations around the ID of magnetostrictive mechanism of acoustic wave
the pipe as a function of the deflection of the generation.
end of the pipe and the hydrostatic pressure in
the 20:1 intensifier that supplied the jack. EXPERIMENTAL RESULTS

The acoustic measurement apparatus con- The experiment consisted of recording
sisted of an electromagnet in the center of the measurements of the received signal amplitude at
pipe under the jack support with a flexure wave many different values of electromagnet current
generating EMAT between its pole pieces. This (both positive and negative) for a series of
transducer acted as a generator of 130 KOz fixed settings for the bending load on the
ultrasonic waves which propagated along pipe. Figure 5 displays an example of these
thelenqth of the pipe to a receiver FMAT mounted data for three different stress levels in the
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parameter from an observed signal versus elec-
tromagnet current curve and to establish a

6 calibration curve for this parameter as a func-
tion of stress. Because the signal voltage
received in a particular experiment depends upon
such uncontrollable variables as the spacing
between the transducer coil and the pipe wall as

well as on the gain and bandwidth of the par-/ ticular electronic system used, the ivasured
-" signal voltages must be normalized to elininate

sensitivity to these variables. Likewise the
current in the electromagnet does not fully
define the magnetic field at the transducer
because variations in the pole-piece to pipe

r wall gap have a strong influence on the magnetic
ii field distribution. Thus, the electromagnet

current must also be normalized. The existence
of a maximum in the experimental curves (Fiq. 5)
provides an excellent normalization opportunity

-"4 - because each curve can be replotted with the
signal voltages normalized to the maximum signal

(a) voltage and the currents normalized to the
electromagnet current needed to achieve the
maximum in efficiency. This yields curves with

,X ValMCIunitless coordinates that are independent ot the
values of transducer lift-off, receiver gain and
electromagnet pole gaps that are characteristic

4 of a particular measurement situation.

The most obvious characteristic of these

14"- 5,,o,11 curves that changes with the stress level is the
- sharpness or width of the dip in efficiency

-' "- ! / -- around zero current. An easily determined

parameter that measures this dip width is the
difference in current between points at which

I the signal amplitude has fallen to half its
- maximum value. For normalization purposes, this

difference in current can be divided by the
-J---- difference in electromagnet current between

- . - . points at which the maximum in transducer effi-
ciency is observed. Thus a unitless, normalized

* ,.. ,.t f parameter that qualitatively varies with stress

(b) level can be deduced from data such as that
shown in Fig. 5 by using the formula

Fig. 5. Experimental results showing the
variation of EMAT signal generated by a I'(v1 ) + I_(v)
transmitter EMAT in the gap of an Parameter P = (1)
electromagnet whose current was varied +

from -8 to +8 amperes. (a) Data for I+(Vo
) 
- I-(Vo)

the EMATs on the bottom ID of the
pipe. (b) Data for the E-MATs on the where I+(VI) is the current at which the signal
top ID of the pipe. voltage is half its maximum value for a positive

current, -(V1 ) is the current at which the
pipe wall under the transmitter EMAT. Compres- signal voltage is half of its maximum value for
sion was achieved by mounting the electromagnet a negative current, I+(VO) is the current at the
and EMAT on the top of the ID of the pipe while maximum signal for positive currents and 1(Vo)
tension was obtained for the EMAT on the bottom is the negative current at which a maximum
of the ID of the pipe. Obviously, the presence signal occurs.
of a stress dramatically changes the shape and
magnitude of the signal versus electromagnet Figure 6 plots this parameter value as a
current curves. The maxima in transduction function of the stress in the pipe under the
efficiency are increased and moved to lower transducer. It can be seen that a reasonably
electromagnet currents by a tension while the linear relationship exists so that a measurement
opposite occurs under compression. In fact, the of the parameter under unknown stress conditions
presence of a compressive load almost eliminates could be used to deduce the stress level
the magnetostrictive enhancement of the trans- present. The accuracy of this procedure can be
duction process and spoils the response of the assessed by performing a statistical analysis
entire EMAT system. of the data. Such an analysis yielded the

result that the line show in Fig. 6 has a
In order to use this relationship between correlition coefficient with the data of 0.96

stress and EMAT efficiency as a quantitative and that a measurement of the parameter could
tool to measure the stress levels in bent pipe- predict the highest stress level of 50 KSI to an
lines, It Is necessary to extract a single accuracy of t15 KSI.
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CONCLUSION to thank Mr. Larry Bivins for his efficient
assembly of the electronic and ultrasonic de-

Figure 5 shows that the presence of a vices and his conscientious collection of all
bending stress in a pipe makes an easily recog- the data.
nized change in the magnetic field dependence of
an EMAT's efficiency. By extracting a unitless REFERENCES
parameter from the curve of signal voltage

1. G. A. Alers and R. B. Thompson, "Ultrasonic

tract PR-73-57 American Gas Association,
1972-1977.

2. R. B. Thompson "Electromagnetic Noncontact
Transducers" Proceedings of the 1973 Ultra-
sonics Symposium, Monterey, California,
p. 385.

3. R. B. Thompson "Strain Dependance of
Electromaqnetic Generation of Ultrasonic
Surfacp Wives in Ferrous Metals" Applied
Physics Letters, 28, 483, (1976).

o,

Fig. 6. Dependence of the unitless parameter
that characterizes the shape of the
EMAT efficiency versus electromagnet
current curves (see Eq. 1) upon the
stress level in the pipe wall under the
EMAT.

versus electromagnet current, a value of the
stress and its sign can be deduced from a cali-
bration curve such as shown in Fig. 6. In these
initial experiments, an accuracy of ± 15 KSI was
achieved. This translates into being able to
monitor the bending stress levels in a pipeline
to an accuracy of 25% of the yield stress since
most line pipe has a yield strength of 60 to
70 KSI.

A measurement device for monitoring stress
in a pipeline would consist of an electromagnet
powered [MAT on a carriage that is pushed
through the pipe by the fluid it carries. At
regular intervals the current in the electro-
magnet could he driven through a programmed
cycle while the ultrasonic signals generated by
the EMAT were monitored. An on-board micropro-
cessor could then extract the parameter from the
electrical measurements and record its value
along with the carriage location information on
a tape recorder for subsequent analysis. By
using four such electromagnet-EMAT systems
around the circumference of the pipe, the
maximum hen6ing stress could be deduced at any
given location.
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ON DE TFtl I N INC, STUt[S IN IIIILTS IILTITAsHt I CALLY

D. L. MacDonald
Metal Science and Standards Division

National Measurement Laboratory
National Bureau of Standards
Washington, P. C. 70234

ABSTRACT

Several factor, affecting the ultrasonic determination of stress it, bol ts are exlari1ned wxlt-lr hell, to
clarify existinq problems with the interpretation of certain experiments. To leniin with, the LJse( n1 ultra-
sonic waves Lo determine stress inverts the results of experiments used !o evaluate th'rd-endor elasi(
constants. Thus, the unambiguous determiinatiol of stress must be subject to the samre condit': ns d', theP
experimental measurement of hiqher-order moduli. For example, Thurston and Bruqqer s expression ',r tp
transit timle in terms of the natural velocity and the unstressed lenqth provides in alternative to the UL,dl
practice of relatinq the transit time to the stress dependent true velocity and the stress induced chantf
in lengtth. Usingq the natural velocity etmphasizes the explicit stress dependence of tile velol ty and avoip!s
the unnece5 sary corrections for chanqes in path 1 enqth and density. Al though temperature and di, loc-alion
rubility are closely controlled in third-order elastic lenstant deterlliinations, thlese factors are rtoely
considered ill ultrasonic stress Ileasuremlents. It is shown that in steels a stress of lOMPa ( 1,YSt'sr
equivalent to a I"C change in temperature. The possible role of defects or temperature in the relaxation
phenomiena observed in ultrasonic stress determinat ions is also exasiJned. The effects of constfrained theri!ol
stress and unlloaded bolt length on the so-called stress-acoustic constant are presented. The (crrect
functiorlal formT Of the stress and strain dependence of the sound veloc ity is shown to bie crucial to the
problel of thermally mlodified bolt load. Tile effect of unloaded bolt 1, qttl is considered for tile case
where the nut is 1 tationary duringl loading and where it is tighteled to produce the load. Firilllt the
difficulties caused by longitudin~al wave mlode conversion upon reflection off tile bolt sides are xalsilleO.

T HI RD-O R-DER_ ELA-STI C_ CONSTANTS effect on tile leolqtl. A oe uoltree iawitc*~, p 1'
temperature produces th:- - are effe. s, 111

The variation in) the elastic modulus wi th 1 .5Ksi) change itl stress, for sel
s;t ress ts1, very small I. It is not measurable in a
standardi tensile test. The velocity of ultrasonic STRES-S_-ACO-S-TI1C CONSTANT
waves 15 coupled to the stress throutl the higher-
order ela~tic coefficients. In part, the resonant In resonant techniques, the sect ions of
frequency of a solid is chanqed by the stress; the unstressed lenqth in bolts must be treated as, parts,
samle way a violin string frequency is chanqed by of a comlposite resonator. Tile resultant Ilodifict-
stretching. Determining the stress froml the change tions to tile stress a(coustic constanlt are presentedt
in resonant frequency or transit title and the known for the case of tile no, stat ionary durillo toadin00
third-order mlodul i is the inverse of the usual pro- and the case where tile nut is tuirned to produce t
reduce for mleasur inq third-order 10101 i . For th1is load. In add it iot to i fal Ior iiicht rep;resents I he
reason, the techlniqlue is applicable otly for elas tic Ireot of tile letttlh that S t ~ e~ timee is a
din forma t ions, .term which delePnds. 110 tile ha irln i, numb~er. Ali

E-pression for the-stres s acllilstll c(Instant for
NATURAL. VtE[OCITY therwllaIl induced Illad inl roostrat ned ho2 t s has cit,

to be dleveleoped.
The repetition frequency can be ett' essed 'Is

eIither the true velocity over instantaneOus 1 P011.1 SIDE WAILL RE EI HT ONLI
or the natural vplni ity over oiniinlla lenoith, Th is
ts a direrct analogy to I xprF-.sil the load in a The freq1uencyV spectra r,f t101 ts in tils ion ((i1-

tensile test as ei thenr the trip- stre-sstip irltar- tamn nujlls which do net track wi th the challeii in
taneotus area o. the i1111neernq elsrrss times- tile s t ress . I t i s ; lown t ha t utlon re f 101( t 1 cr1 oIff t he
or iq inal1 c noss -s;e t ionalI a rea . T h is f onll I i sIl al toIf- bolt sides a mod( converted trntlverspe wave Iqpll-ra.le

viates the need for independently detenmirlinq the a series If longitudinal pulses. The, 1u1l-. it, tile
new l engtth and dens i ty linden sfres. This, fatc t stleI : . rum ll n orres p od ton t he ftme s elp ra t i oI ir t1 , f
appears to hav e-0,1 aped ,ome of thle ill vest i lid I Iln tile 1111505 , i . t il t 1110 i t tak05 thle t nallsverse
in the field. wave to traverse( the bolt troll side- To ,ide Tile

spll troll for at nimtial t nal',verse winy 1W,. lnlt 1,t, -

TEMPI RAT(JPE ALUST IL C NSJTANT t a in t he,, v !i 1 s. Tili Si, ~, a10 dusi a I1111111 tlid liI
watve Is rlnot plrodul ed byv t he neIo, lt 1111 Itif lral, '

Ca re lo s t iP t aken i n i n t vrplnet i rit ult rasonic in( Hdence of at transverse wave.
data because manly things effet( t ttrasoni I wavP lrn-
palat ion. ton oxlar-ple . one ran Ilildiea tellen. Ar hNI1wI.Fp htmrl .1
ature acoustil co)nstant similar to the 'trss l-,
t ic constfan t. (in ike tile , t ovs ( ase where thev MuII ti of the wolk nell t lid n i-r 11mwa doI,
bireak -down between t rue vet 01 it y ad l 10111h r ianqe wile tile alihlln wad with t fle InsrPt n ~~~t Ilsfedr0
is two to ner; in the ase Ilf tollillentljne the efei(- t Divisiol of the NAIA I anolev Pespar~l ellten, Har;1-'
oin true velorcity i. nine t imps, greaten than the, VA 110 an IPAI Agnremllrrlt frnI: PelnytvI 'l I c



Third-Order
Elastic Constant, Clijk, Experiments - Ultrasonic Stress

Measurements

The change in the transit time, A t, or its inverse, the repetition frequency, A f,
is recorded versus an applied stress, o.

Af I/Ata

.- LO -I i rf+ - \. sfofpeOCijk

- L--- t-time

L4

I- at,-
time

The third-order elastic constants are found by measuring the stress and the repetition frequency.
By the inverse operation the stress is determined from the known third-order moduli and
measurements of the repetition frequency. Although care is taken to eliminate the contributions
from temperature changes and defect motion In finding Cijk, this is not the case for ultrasonic
stress measurements.
After rapid loading the repetition frequency is often found to relax asymptotically to a value
which depends on the initial load. It has yet to be determined whether this is due to the frictional
heat of loading or a thermoelastic effect or stress-induced interstitial ordering.

True Velocity, V - Natural Velclty,W

The repetition frequency, f, can be expressed equivalently in terms of either the
true velocity, V, over deformed length, L, or the natural velocity, W, over the
unstressed length, Lo .

f= V=W=f
L Lo

(AV(_/ W -w W _ , W = o .
LOr Lo VVo L ~ L L WO L (O ) \

Alf AV AL AW
f-- O -LOW

The expression for the change in true velocity contains a term which exactly cancels the strain
term. Expressing the change in repetition frequency In terms of the natural velocity, W, avoids the
unnecessary* corrections for changes In path length and density.
-See "Change of the Ultrasonic Characteristics with Stress in Some Steels and Aluminum
Alloys", S. Takahashi, E. Yamamoto, N. Uetake, R. Motegi, Journal of Materials Science, 13 (1978)
pp. 843-850.

577



Stress Acoustic Constant, K., I Temperature Acoustic Constant, KT

The repetition frequency, f, Is a relatively stronger function of temperature than it

is of stress.

431 Stainless Steel'

Af
to 20' 40" ao~ Temperature

2111"06aS'S a .. df I dV dL I I dV I
f0'7M4z (30K(si) (SO40 O. o . -E aV d)

3.103 slope -1.sxio 4 c (E is the elastic moduius)

siope1.4~f I~ Ky- dV I dL I dV
(-1lo -

4 
Kai) O i~I L~T V~u

6K1O 6 (0 Is the thermal expansion coefficient)

The change in repetition frequency produced by a 1 *C change In temperature is roughly the same
as that produced by a IOMPa (1.5 Ksi) change in stress.
*From "Fastener Load Analysis Method", F.R. Rollins. Jr. NASA Report CR-61354 (1971).

Effect of Unloaded Belt Length on the Stress Acoustic Constant

In resonant techniques the stress acoustic constant is expressed in terms of the
m th harmonic of the bolt, w In.

__= I #! y 4 I dV - I = I dW
WM do VO do E W0 do

If only a portion of the length Is stressed, then the bolt must be treated as a composite resonator.
The resonance condition on the system for the case where the nut Is stationary during loading
yields the effective stress acoustic constant, Kta.

2 _ 2

pE ]p I dwm K 11ainc2-Tefljod

511.,,.O L-nqh unst,.-O" Longlh
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When the nut is tightened to produce the load, the velocity changes in the loaded section

whereas the length change occurs in the unloaded section. Shown below is the resulting expres-
sion for the effective stress acoustic constant. Ka

S= d.m I I dV sin C____

WM I"0 --FOto-T- . Voe.

VSIoc~tv Ch.ag. hi Leiiglh Cfl.ng .I t[ V0
,Con hnlL.9- I 1- C hnln ....l ..

On the Stress Acoustic Constant for Thermal Loading

For thermal loading under constraint, the repetition frequency can be expressed
as the stress and temperature dependent velocity over the constant length, Lo.

f V(o,T) ,dfz I AEV dT+A V 
dr If = I 6V dT+ I bV do

LO LO-6 6T 60 fo VO 6T V 0 6a

The dV term is straight forward. A difficulty arises with the dV term. Mostiff iseswiththeN, trm. ostresearchers use the

expressions of Hughes and Kelly' which unfortunately incorporate the constitutive relation for

unconstrained deformation and are therefore not applicable here. To date a self-consistent
analysis for constrained thermal loading has not been published.
*See "Second-Order Elastic Deformation of Solids", 0.S. Hughes and J.L. Kelly. Physical Review,
92 (1953) pp. 1145-1149.
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Effect of Side Wall Reflections in Measuring Bolt Tension

Reflections off the bolt sides can lead to inaccuracies in determining bolt tension.

11 !f3

Because of the conditions a longitudinal plane wave, f, must satisfy upon reflection off a boun-
dary. a mode converted transverse wave. t, is generated in the bolt. Upon each reflection a portion
of the transverse wave is reconverted back to a longitudinal wave giving rise to a series of
longitudinal pulses traveling down the bolt. In low attenuation materials , way around this pro-
blem is to start with a transverse wave which upon reflection yields only the transverse wave.



PAPIP ULTRASONIC INSPECTION OF ARMY PROJECTILFS

Len T. Spragins
Albuquerque levelopment Laboratory

Rockwell International

2340 Alamo, SF
Albuquerque, New Mexico P7106

ABSTRACT

The electromagnetic acoustic transducer (EMAT) is a device of particular interest for rjl'id non-
destructive evaluation (NOE) in assembly line applications because of its noncontact riode of oFrra-
tion. Speed is a crucial factor in the performance of an NDF system designed for the inspection of
artillery projectiles where production rates may be on the order of several shells per minute. These,
requirements severely restrict the reliability of conventional ultrasonic techniques that ise fiuid
couplants.

A fully automated micro-processor based inpsection system utilizing multiple fMATs to launch
shear vertical acoustic waves traveling at 30 degrees with respect to the surface normal is heinq
assembled to inspect 155 mm projectiles for both ID and OD flaws. The systen's ability to detect
small defects has been demonstrated by locating semi-elliptical [0M notches having surface lenqths of
2.5 mn (n.1 in.) and maximun depths of 0.8 itm (0.03 in.).

INTPOUCT ION EMAT 2 OD FLAW

The principles of electromagnetic transduc- I N,
tion will not he discussed in detail in this / \

paper. It is sufficient to note that a trans- /N\
ducer consists of a coil of wire carrying a PROJECTILE N
dynamic current at the desired frequency and a CROSS-SECTION - FLA
magnet to impress a static bias field. ltra- ID FL

sonic waves are launched as a reaction to eec- 3
tromaqnetic forces exerted when the transducer ID FLAW
is placed adjacent to the surface of a retal
part, and they are detected by reciprocal pro-
cesses. Absolutely no physical contact is
required, hence transducers and the part can be Figure 1. Inspection of projectile wall with
moved rapidly relative to each other with no shear-vertical acoustic waves.
fear of disturbing the coupling medium. The
approach thus combines the scanning convenience
of eddy current techniques with the many advan-
tages of ultrasonics. One of the most important
of the later is the ability to excite directed 1 [
beams which propagate through the thickness or
around the circumference of a projectile and
interrogate larqe volumes of material in a
single easurement.

Inspection Techni lie - The details of the ultra-
sonic inspection sr err used to detect, flaws in
the wall of the projectile are shown in fig-
tire I. The EMAT which operates in the "pulse-
echo" mode, generates an ultrasonic wave Ii'ure 2,. rs( ill usc 1eh(u

t oiraih f retie( ltel
launched at approximately 35" with respect to signal from 1) notch.
the surface normal. A flaw that exists in the
path of the wave reflects a siqnal which is then he to. at ion of the flaw, vit hor Ii, hu nor ,
detected hv .he same FMA T that del ivered the ?,, detereined bv the elapjsed t )rr hotwen I riyi-
transmitted ultrasonic wave. r'i~t d and receive si ,'rials.

Shown in fiqure ? is an oscrillnscope phntn- A total of fortv II'ATs arrrnqd in 'airs
graph of a typical r-flpcted signal from a are located holween the prue(r flo ind each
0.020 inch deep FEM notch of the I surface nf adiarent pole piece as shown in figure 3. )lne-
an M-549 projectile. The first signal is the half of the IMATs lautn(t ultra,,snir waves tir-
electrical feedthrough from the transmitted cumferentially and the other half lonlitij-
burst at 1.94 Mz. and the second is the signal dinally. The IMATs are fired seuvnt iallv every
reflected from the simulated flaw. The re- 20 .,%s( as the prolectile is rotated whi(h
flected signal, appearing approximately ?0 sec assures cniuipleto inspection. the Ioltl ino'ei(-
after the transmission burst, represents a third t ion tice for a single 'rij e( toi is le,ss than
bounce signal as indicated in figure 1. one second.



The handling unit automatically places the pro-
jectile between the electromagnet pole pieces

I I and relays a signal to the processor that the
inspection mode may begin. The electromagnet

POLE POLE power supply is brought up to voltage and
PIECE PIECE approximately forty amiperes is delivered to the

coils during the short inspection cycle.
A 19 kilo-Gauss normal field is generated in the
3/32 inch gap between the projectile and each
pole piece. Each [MAT is fired as the shell is

I rotated and if flaws exist, are recorded by theS 
I processor. Flaws may be located to within a

one-half inch square area based on information
gathered from range-gating and shaft encoding.
At the end of the inspection cycle, a print-out

I iIJof the flaw locations is available for permanent

record.

LONG. CIRC. The actual determination as to what consti-
EMAT EMAT tutes a flaw is based on a set of "standards'

S generated by the U.S. Army Armament Research and

I I Development Command, Dover. New Jersey. The
' standards" are actually a set of projectiles
containing calibrated EDM notches with depths
ranging from 0.010 in. to 0.030 in. The reflec-
tions from these circumferential and longitu-
dinal notches are used to establish accept/re-
ject criteria applicable to production line
standards.

Figure 3. FMAT and pole piece configuration.
CONCLUSIONS

I e e ion - Shown in figure 4 is a simp-
fied hl diaram of the overall inspection Objectives which have been met as a direct

system. The system is composed of the following result of this effort have been to demonstrate
major components: that an ultrasonic inspection system using

noncontact, electromagnetic acoustic transducers
Hydraulically controlled projectile handling can function effectively and is capable of
unit which houses the electromagnet, pole performing inspection of the complete projectile
pieces and EMATs. at full production line rates.

Hydraulic power pack and handling unit
control panel.

Electromagnet power supply.

Micro-processor based analog and digital

processor.

CONTROLr P POWER- PACK

TEST FIXTURE
(PROJECTILE HANDLER) 1

(ELECTROMAGNET)/

( EMAT'S I

ANALYZER rLE. 1 OANALOG & LETO
DIGITAL Lf, MAGNET

PROCESSINGq P00E RT SUf'PLY

Figure 4. System b]lc diagram.



STRONG NEED FOR IMPROVED ULTRASONIC STANDARDS FOR INSPECTION OF ARTILLERY SHELL METAL BODIES

J. M. Smith
Army Materials and Mechanics Research Center

Watertown, Massachusetts 02172

ABSTRACT

Ultrasonic standards for artillery shells are made by machininggrooves into inert projectile bodies.
Current standards are difficult to design and build and do not realisticly simulate manufacturing defects.
This poster paper will discuss the design process and use of ultrasonic standards and will describe some
of their current limitations.

This poster paper describes an Army problem Ultrasonic standards are also used for setup
concerned with the design and use of ultrasonic and calibration of the ultrasonic equipment.
standards for artillery shell inspection. Three Periodically, the inspection system will use the
aspects of this problem will be addressed: (1) standards to check proper alignment of transducers
How standards are designed, (2) How standards are and threshold level settings. Figure 5 shows an
used, and (3) Problems with current standards, example of a recent ultrasonic inspection station

for the M549 Projectile.
(1) How standards are designed: (3) Problems with current standards:

During the initial design phase, a stress
analysis of the projectile for launch and rough The design of current standards is a difficult
handling is made and the critical defect sizes and and costly process. As previously mentioned,
locations are determined from fracture mechanics, standards are made by machining grooves into inert
The upper part of Figure 1 shows a stress profile warheads. Unfortunately, as pointed out by expen-
for the M549 S5mm Projectile under launch con- sive empirical studies, there is generally a poor
ditions. Fracture mechanics is then applied to correlation between the ultrasonic response from
determine critical crack sizes. Critical crack grooves and real cracks. Therefore, current
sizes.for certain locations in the M549 Projectile standards do not closely simulate real cracks.
are shown in the lower section of Figure 1. This complicates the design process because it is

difficult to determine the proper groove depth and
Ultrasonic standards for artillery shells are length that best represents the response from a

made by machining grooves into inert projectile critical defect. Generally, the worst case ratio
bodies. In order to determine the required depth of groove to crack response is taken in order to
of these grooves (for a fixed length) the ultra- be reasonably safe. This approach, however, may
sonic response from cracked shells and from grooves be overly conservative and may lead to an unneces-
is compared (Figure 2). From this study, groove sary increase in the false rejection rate (rejec-
depths are determined that give reflection ampli- tion of good shells).
tudes nearly equivalent to those expected for
"ideal" critical cracks. Because the data (Figure Current standards are expensive to build be-
2) shows a great deal of scatter, the worst case cause machining grooves to tight specifications is
ratio of groove to crack response is chosen in difficult and time consuming. Using the best tech-
order to be conservative. nology available, it is still not possible to

machine two standards with identical ultrasonic re-
The final design of the standards is deter- sponse. Each standard is truly "unique."

mined by such factors as the size and location of
the critical defects, the correlation study for In conclusion, standards are needed that are
groove and crack response, machining limitations less costly to design and build and, yet, are more
and cost considerations. Figure 3 shows the realistic in simulating manufacturing defects.
placement of the grooves in two standards for the
M549 Projectile.

(2) How standards are used: Acknowledgement: The author would like to thank
Mr. Mark Weinberg, ARRADCOM, Dover,

The inspection procedures and the proper use New Jersey, for providing some of
of the standards are described in the Technical the Figures shown in this poster
Data Package. A page from such a document is shown paper
in Figure 4. The critical function of the ultra-
sonic standards is to set the accept/reject thres-
holds for the ultrasonic inspection. The accept/
reject threshold is set at the level of the re-
flected signal from the standard. This means that
the standards play a critical role in determining
the overall rejection probability of the ultrasonic
inspection.

583



Critical defect sizes are determined from stress analysis and fracture mechanics.

NM49 Projectile
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Standards consist of grooves machined into an inert warhead.

cracks is needed.
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Figure 2 Destructive analysis of cracked shells to Figure 3 Ultrasonic inspect ion standards
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Included in a Technical Data Package is a description of the

required inspection procedures. This document specifies the

NDT methods to be used, the design of the standards, and

the inspection equipment parameters. Standards are used

to set the accept/reject thresholds, which determine to a

great extent how reliable the inspection will be.
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A BASIS FOR TRACEABLE NOE STANDARDS

0. G. Eitzen, H. Berger and 1,. "irnbaum
National Bureau of Standards
Washington, D. C. 20234

ABSTRACT

The National Bureau of Standards (NBS) is beginning to provide a mechanism tor traceability for a
number of NDE measurement procedures, an activity that is expected to have a significant, positive

impact on the reproducibility and accuracy of NDE measurements. Much of the NOE standards activity has
been in ultrasonics and acoustic emission, this effort leading to calibration services for ultrasonic
reference blocks and ultrasonic and acoustic emission transducers. Additional NOE standards are also
available or are being developed in radiography, eddy currents, magnetic particles, liquid penetrants
and visual testing.

INTRODUCTION time-averaged total absolute power output of a
transducer system is measured for any voltage input

The National Bureau of Standards has been waveform, e.g. pulsed, in the range of 1-15 MHz.

involved in improving the reproducibility and The uncertainty is approximately + 7 percent. The

quantitative aspects of nondestructive evaluation system, procedures, and uncertainties are described
(NOE) measurementsl in response to a growing need in reference 3.
for improvements in this area. This report is
concerned particularly with the development of 3. Aluminum Ultrasonic Reference Block Cali-

NDE measurement procedures that incorporate trace- bration. Sets of ASTM E-127 type ultrasonic refer-

abilityt+ to National Reference Standards. The ence blocks are compared with a block designated as

work described is due to many NBS workers in the NBS Interim Reference Standard and associated
addition to the auLhors. Points of contact for model by using a well-characterized measurement

the various technical areas are listed at the end system. The service provides a mechanism for com-

of this paper, paring sets of blocks with the NBS data base and
with other reference blocks through the NBS ultra-

ULTRASONICS sonic system. The system and detailed procedures
are described in reference 4.

Pulse/echo ultrasonic techniques offer great
potential for detecting and evaluating material 4. Loaner Services for Transducers and Ira,,-

defects nondestructively. However, these methods fer Blocks. By arrangement, carefully Character-

are sensitive to measurement equipment character- ized ultrasonic source transducers and iluminum

istics and to the condition of the reference arti- block transfer standards can be made available for

facts used. An effort to improve the reliability loan. By employing the accurately measured ultra-

and diminish the uncertainty of these techniques sonic source transducers, a user's power or fre-

has focused on the development of measurement quency measurement apparatus can be calibrated

services for transducers and reference blocks. The .,.''. The transfer aluminum ultrasonic blocks,

measurement services now available from NBS are which have been carefully compared with the NBS

described below: Interim Reference Standard, provide a means for
users to compare their reference arLifacts with

I. Ultrasonic Transducer Power Output versus those of NBS on their own ultrasonic .ystei, i.e.

Frequency. By using a modulated radiation pressure they provide a basis for traceability to the NR"

technique, the absolute total power output of Interim Reference Standard. Some of the source

ultrasonic transducers versus frequency is measured transducers are currently being employed in an

over any part of a range from about 1-20 MHz. The international intercomparison on ultrasonic power

transducer undergoes swept cw excitation. The measurement methods .. The transfer blocks cat :,ro-

uncertainty is frequency dependent but is nominally vide a means for users to compare their referenkt,

about + 5 percent. In addition to this relative artifacts with those of NBS on their own ultrasonic

power versus frequency information, the measure- system, i.e. they provide a basis for traceability

ment provides the value of the radiation conduct- to the NBS Interim Reference Standard. Some of the

ance used to calculate absolute power output source transducers are currently being employed in

levels. The apparatus, procedure, error analysis an international intercomparison on ultrasonic

and sample results are discussed in reference 2. power measurement methods. The transfer blo :s ian
provide the basis for a measurement assurance pro-

2. Ultrasonic Transducer and System Power gram. Calibration of users blocks (an be a((oml-

Output by Calorimetry. By using a twin, series ished by the user with an uncertainty of a few

flow ultrasonic calorimetric comparator, the percent using an NBS developed procedure.

This paper is to be published in a somewhat ex- Additional work on ultrasonic measurement

parded version as an NBS report. systems is in progress. An expansion of the NBS

artifact system for ultrasonic reference bloUk . to
There are several nr,rinterrhangeable concepts steel and titanium reference blocks is being
termed "traceability." The subject is carefully developed. The feasibility of developing improved
Polored in "Trareabilitv - an Fvolvino Concept" steel and titanium reference blocks is to be
by B. C. Relan.ier tP appear in tta_ndardi/,_tini, established in 1919. Also under consieration ate
Npws. material-independent reference blocs made of
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amorphous, low-attenuation material; these could I11 ? A newly des i gned and const ruk ted standad
replacc much of the present multiplicity of t ransduW er has resulted in further aL curday; it
reference artifacts. provides measurements of absolute dyndamic d 1splacI-

elinrt of the order of a iidnovltWttir with din UliLe td!II-

The influence of changes or adjustments to in- ty of about 3 percent (I ig. 3).
strumentation on the variations in the amplitude of
response from reflectors has also been studied in
some detail. For example, changes in the pulse
length adjustment of a flaw detector result in
amplitude response changes front a reference block
by over 13 percent, even after normalization. A
study of the effects of different (but very similar)
transducers was also conducted.' The study showed
variations of over 26 percent in response due to
different transducers. This study has important
implications; one of the key issues is: what are
the necessary tolerances on the instrumentation in
order to obtain the required reliability and uni-
formity in ultrasonic nondestructive evaluation ,
(N)E) ?

Another important area of study is the develop- I t
ment of methods for determining the directivity
pattern of ultrasonic transducers.' A mathemati-
cally vigorous method called planar scanning is
being developed as a laboratory method. It is
capable of measuring the absolute value of all of
the important field point parameters of transducers.
Work is also proceeding on the development of tech-
niques more appropriate for the user conmiunity. ment on the transfer block

Additional work on standards for quantitative I
ultrasonic NDE are being planned. This planning
process has been greatly enhanced by a study just
completed for DARPA. The objective of the project .
was to examine the present system of standards for ........
ultrasonic NDE measurements, to assess the stan- . "
dards needs of emerging and more quantitative
systems and to present reconinendations for the , "
development of an adequate system of standards for-
quantitative ultrasonic NOE systems. The results
of the study have been reported to the sponsor and r + . I .... .... ....... . .........

should soon be available to the public as an NBS
report. Other outputs of this project includc a
separate summary of the open literature on ultra-
sonic NO[ standards and a detailed study of foreign
and U.S. standards documents both to be published
as NBS reports and a chapter on ultrasonic trans- I
ducers and their characterization in an upcoming I
volume of Physical Acoustics.

ACOUSTIC EMISSION . :

A calibration capability is being developed lig. 2. Displacement of transfer block measured
for acoustic emission (A) transducers and will with model 1 NBS transducer. New NBS transducer
shortly be offered as a measurement service.' This gives even better agreement (not shown) with theoi,.
activity is partially supported by a larger EPRI/
NBS Acoustic Emission Program and by the Office of
Naval Research. The objective is to determine the There is also a substantial theoretical effort
sensitivity versus frequency of AE transducers over associated with the ultrasonic and atousti( emissicn
the approximate range of 100 to 1000 KHz. This is work. Theoretical development% using the scatterinq
accomplished by obtaining time histories from the matrix description of electroacousti transducers
transducer under test and the NBS standard trans- have impated work on determining directivity
ducer. both mounted on a large (2200 Kg) steel patterns of transducers. Two recent theorems on tht
transfer block. The input is a simulated source on nature of the radiated field of generated acoustic
the same surface of the block as the transducers. sources suggest future calibration techniques for
The resulting time histories are digitized and users. A recent theoretical description, whi(h
processed in frequency space to obtain the desired more accurately deslribes actual transducers, is
measure of spectral response. The simulated source making possible more realistic standards proLedures
and transfer block produce a vertical surface (NBS and ASIM). Theoretical developments in dynamnt
displacement that is theoretically calculable (Fio. elasticity are making possible the develop,:ient of
1). The displacement measured by the first candi- primary and se(ondary acoustic emission calibration
date standard transducer is shown to faithfully methods.
reproduce the actual displacement as shown in

S~lT
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-.... . ...- Theoretical solutions' ' for the fields and
current distributions associated with defects in
materials will also provide guidance for eddy

current testing and development of artifact
standards.

MAGNETIC PARTICLES

10 C Work is under way to measure the brightness

E of fluorescent magnetic particles. This could
o c lead to a calibration service, or more likely, to

0 an SRM comparison standard for judging brightness.

o JIn addition, studies of magnetic flux leakage

are in progress. A recent report
12 

described re-
sults of investigations of a test ring for judging

Sthe effectiveness of magnetic particles (as used
in military specification). A model was developed
to describe the magnetic response of subsurface
defects in the ring; the model showed good corre-
lation with experiment. The work is leaiing

toward suggestions for making the testing more
useful for general evaluation of magnetic parti-
cles.

0 12 3 LIQUID PENETRANTS

APPLIED FORCE ,) Brightness of fluorescent penetrants would

Fig. 3. Plot showing about 3 percent agreement follow the same pattern as indicated above for

in dynamic surface displacement between theory magnetic particles. In addition, work is under

and measurement using new NBS standard transducer, way to prepare a relatively inexpensive, well
characterized, crack test plate for evaluating
materials and consistency during operation as well

RADIOGRAPHY as comparing the one product or process against
another.

A Standard Reference Material available from I
NBS9 provides a mechanism for traceability of In this approach, alternate layers of copper

radiographic film density measurements. This is and nickel are plated. The nickel is merely a

SRM 1001, a radiographic film step tablet covering separator between well characterized thicknesses

the H & D density unit range from 0 to 4.0. of copper (to values as small as 0.3 ,m). Whcn

Density measurements are reproducible to about 0.02 these copper layers are etched, they provide well

H & D units. characterized slots or cracks in terms of width.
The width can be determined to within 0.15 pm or

Additional standards-related work in radio- 10%, whichever is greater. The depths of the

graphy at NBS includes a recomended practice for cracks, determined by etching, are somewhat molt

thermal neutron radiography (now under considera- difficult to control. However, for depth to width

tion by ASTM, Committee E-7) and work to determine ratios of about 4, the minimum crack depth can be

important characteristics of x-ray film' (also be- determined to an uncertainty of about 0.5 pm.

ing done in collaboration with ASTM E-7). This plated assembly can be etched, measured

EDDY CURRENT TESTING and cut into small specimens such as indicated in

Fig. 4. It is expected that this approach would

Facilities for dc and aL electrical conduc- result in a relatively inexpensive crack sensi-

tivity measurements have been completed. Future tivity plate.

work will include establishing measurement pro-
cedures for conductivity standards over the range
of 1-100 percent of the International Annealed PLATEDPENERANT CRACK PLATE
Copper Standard and methods for the calibration of
eddy-current test equipment. Initial conductivity
calibration services will be offered to accuracies
of 0.5. . It is expected, as experience is gained N
in the measurements, that accuracy can be improved
to 0.1. In addition to the planned calibration.m
facilities for electrical conductivity, the mea- T.kan
surement of this characteristic will also be trace- 2 4njm

able by means of SRM conductivity samples, now 
4pm.

under development.

21u

Standard Reference Materials are samples which
have been characterized by the National Bureau of
Standards for some physical or chemical property
and are issued with a Iertificate that gives the Figure 4. Crack sensitivity plate which is undir
results of the characterization, development for liquid penetrants.



VISUAL TESTING We are indebted to these NBS colleagues for

sharing information with us and for their efforts
An important parameter in visual testing is in forming a basis for traceable NOE measurements.

the capability of the inspector to see detail that
may be small in size, of low contrast and unsharp. REFERENCES
The visual acuity of inspectors is now measured
with a Jaeger chart in which the inspector is i. H. Berger and L. Mordfin, editors, Annual
asked to read small black letters on a white back- Report 1978, Office of Nondestructive Evalua-
ground. This high contrast situation does not tion, National Bureau of Standards report,
always simulate what an NDE inspector may be called NBSIR 78-1581, January 1979.
upon to observe.1

3 
He may be looking for a pene-

trant indication or a low contrast shading in a 2. M. G. Greenspan, F. Breckenridge and
radiograph. Therefore, NBS is pursuing the devel- C. Tschiegg, "Ultrasonic Transducer Output by
opment of a visual acuity measurement procedure Modulated Radiation Pressure," J. Acoust. Soc.
that more closely duplicates the inspector's situ- Am., 63, 1031-1038 (April, 1978).
ation. The new procedure will involve varying the
contrast as well as varying sharpness and width 3. T. L. Zapf, M. E. Harvey, N. T. Larsen and
of indications. A report on this is planned for R. E. Stoltenberg, "Ultrasonic Calorimeter for
late 1979. Beam Power Measurements," National Bureau of

Standards Technical Note 686 (Sept., 1976).
CONCLUSIONS

4. D. J. Chwirut, G. F. 5ushinsky and D. G.
Several mechanisms for achieving traceable Eitzen, "Procedures for the Calibration of
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bration and Transfer Sound A147 Transducer Characterization at NBS," IEEE
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D.C. 20234
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X-rav RADP C216 presented ASIJT Fall Conference, St. Louis,
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TEST BED FOR QUANTITATIVE NDE*

R. C. Addison, R. B. Houston, J. 14. vlartin, R. ii. Tnomipson
Rockwell International Science Center

Thousand Oaks, CA 913bU

ABSTRACT

The ARPA/AFML Interdisciplinary Program for quantitative Flaw Definition has demonstrated a number of
new techniques for quantitatively sizing flaws, as are reported elsewhere in these proceedings. This
paper iescribes a test bed program to assemble and demonstrate these techniques in a single integrated
measurement system that will extend them from the idealized geooetries that nave been considered thus fdr
to geometries that are a better approximation to those that are found in real parts. Included are dis-
cussions of the conceptual design of the system, the detailed design and construction of specific iiod-
ules, and preliminary experimental results. The basic system consists of a Data General Eclipse S/2JU
minicomputer, a multi-axis microprocessor controller, a 3iomation A/0 converter, an immersion tank, arid a
contour following system with six degrees of freedom. A detailed description of tie operation of the
various components of the system will be given. Included are discussions of the conceptual design of the
system, detailed design and construction of specific modules, and preliminary experimental results.

A limitation of mechanically scanned systems is the time required to acquire data. To overcome this,
the Test Bed includes a piezoelectric array transducer, to be used botn for the imaging of flaws and the
gathering of scattering data for use in other flaw characterization algorithms. Such an array-has been
received, and the construction of the necessary array electronics is in progress. Included in the paper
is a discussion of the digital signal processing approach being implemented, which takes advantage of
recent advances in A/D converters and array processors to achieve the near real time formation of images
with a high degree of flexibility fur evaluating various signal processing algorithms.

The extended data gathering capability of the system has been demonstrated with several of tile diftu-
sion bonded samples that have been fabricated for the ARPA/ARL program. Preliminary aeasurements on a
sample containing an 8OUvim spherical void were made. Subsequent analysis of these measurements using the
Inverse Born Approximation predict a diameter of 'd2Um' thus deiaonstrating the validity of the technique.

Conceptual Design

The ultrasonic test bed program has been
initiated to complement the ARPA/AFML Interdisci-
plinary Program for Quantitative Flaw Definition.
Specifically, we are implementing the variety of
new techniques that have arisen for obtaining I 1 ,I._,,_,,
quantitative data about flaws such as the size,
shape, orientation and stress intensity factor.
These will be adapted into procedures for identi-
fying flaws in parts of complex geometry such as
turbine disks. The results will serve a twofold .MAI,
purpose. First, a new inspection capability will
be demonstrated. Second, in cases where the prac- -I 'tv
tical constraints of the part 

geometry degrade the

quality of some of the measured flaw parameters, ^ LA. .

this information can be fed back into the research A'ImI(' IiII[A
program to guide that effort. 

1
mu/

In order to implement these techniques, we "' lvm R1 A, I
must establish a protocol for their use. Although [ Pl,1
we remain quite flexible with regard to the final ANA,

form of this protocrl, the system we are startinj Rl 11,1
with is shown in Fig. I.

The part is first searched dnd the locations IA, l MI Al 'I AA
of all regjions that possibly contain flaws are ;iAm:IRMIN' MIA lpiOY I.
stored in the test bed memory. Each of these I

*This work was supported by the Defense Advanced
Projects Agency under Cuntract F33b15-78-C-ulb4. I ig. I System protocol.
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locations is then inspected in detail to deternine
the quantitative parameters of the flaw. Hirst ar
image of the flaw is made, and, if it is resolvel,
the accept/reject criteria is used to decide it
the part is acceptable. If it is unresolved, .
map can be made to determine if there are multiple
flaws within a small area. Next, appropriate ....-
scattering data is obtained so that d M0de1  

0se1
reconstruction technique can be used to turm j, .
image of the flaw. If the flaw is still unre- I I
solved, we will examine the spectral content if
the defect signal and determine the dppruiate k.i
value of the flaw. For cases where J.':aj we
will use adaptive learning techniques tu otrd.t
the flaw parameters. If ka'J.s, we will v .e j
wavelength techniques and determine the strv v
intensity factor of the flaw.

Physical Test led & 'iicr-opro-e ,sir
ControI ller

A photograph showing the current stdtUS O"
the test bed laboratory is shown in Fig. Z. Jne
can see the water tank, the three rectilinear axes
and a portion of the turntable. The cabinet on
the right contains the microprocessor control-
ler. In the background is the S/2UO computer, .
computer terminal, the color display, and an
electronics rack containing the A/D converter and
the pulser/receiver. Fig. 3 Test bed block diagram.

- along the turbine disk and will be kept pointing

along the normal to the surface of the disk. The
* ~ ~ surface profile of the turbine disk will be sepa-

0 rated into segments consisting of straight lines
Od and circular arcs. A sample profile is shown in

A Fig. 4. Each of these curve segments will be
stored in the S/2UU minicomputer as a data block.
The data block for a straight line segment such as
segment 1, 2 in Fig. A will specify the coordi-
nates of point 2, the angle of the transducer, the
transducer offset from the surface of the part,
and the speed at which the transducer is to be
scanned. For a circular arc segment such as
segment , 3 in Fig. 4, it will be necessary to
also specify the coordinates (13, J3, K3 ) of the
center of curvature. In addition to these data
blocks which allow the transducer to scan over the
surface and take data, there are special non-data
gathering blocks which are used when the part pro-
file has a discontinuous slope and the transducer

Fig. 2 Test bed laboratory. has to be rotated throtigh an angle while still
pointing at the same location on the part's

The block diagram for the test bed system is sarface.
shown in Fig. 3. The transducer has five degrees It is the task of the microcomputer to accept
of freedom. It can be moved rectilinearly along these data blocks and convert them into inter-

X, Y and Z, as well as having a double gimbal leaved trains of pulses that are sent to the
movement thdt will permit it to be rotated about stepping motors controlling the relevant axes.
two orthogonal axes. The two gimbal movements, as This must be done in such a way that the trans-
well as the Z axis motion, are incorporated into a ducer follows the contour of the part with the
standard manipulator arm that was purchased from required offset and with an accuracy that is
Automation Industries. The X and Y motions are within four stepping mmtor increments of the
incorporated into an assembly that was built at specified contour. A block diagram of the micro-
the Science Center. In addition to the five computer system is shown in Fig. 4. The software
degrees of freedom of the transducer, a sixth for controlling these detailed motions is resident
degree of freedom is provided by a turntable that in the 1oK PROM memory of the micruomputer and is
provides a fast axis of motion for rotationally entirely written in assembly lanjuage to make it
symmetric parts such as turbine disks, as cmmpact as possiule.

In operation, the turbine disk will be The system has now been delivered to the
rotated at a speed that is selected on the basis Science Center. We are just beginning to learn
of the desired resolution for the inspection as how it operates with all six axes moving. We
well as the maximum pulse repetition rate of the expect that there will be a period ot debugging
transducer. The transducer will be moved radially before the system is fully operational.
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, BIOIMA ION CONTROL L F

Fig. 4 Sample profile arnd microcomputer block|

di agram. I
The software for controlling the operation of

the Test Bed is resident iii the Sf2UU minicomputer
in the form of d multitasking program. A diagramliASU(
of this program is shown in Fig. 5. The program
allows 1) use of a master terminal to send
coiands to the host CPU (S/20U) or the micro-

computer (designated controller CPU in Fig. 5). Fig. 5 Test bed multitasking control prord.

Examples of these coimnands would be requests for data that can be used with the various inversion

the current coordinates of the transducer, Haltco nands, or Continue commands. The microcomputer techniques.

can 2) send data to the master terminal or to the The system is based on an ultrasonic array

disk memory. Examples of this would be error with 24 elements. This array will have a center

messages, confirmation that data was received, or frequency of 2.5 MHz and will be able to scan an

transducer coordinates. Task 3) stores the ultrasonic beam over ±250. The bandwidth will be
control bl ks for specifying the profile of the adequate to produce pulses that have about 5 half

part on the disk memory, which can be read by the cycles. Only l contiguous transmit and b con-

Host CPU and sent to the microcomputer. Task 4) tiguous receive elements will be used at one

allows the Host CPU (S/200) to send trigger pulses tine. Since the particular group of mr transmit

to the Biomation AD converter and to the pulser. and receive elements will be programmable, it will

Task 5) alows the Host CPU to accept digitized be possible to scan a beam over a part with a

data from the A D converter and stores this data curved surface such as the one shown in ig. o.

on the disk memory. After accepting the digitized it will be possible to correct for the wavefront

data the host CPU will analyze the data. If it distortion caused by refraction at the curved sur-
exceeds a predetermined threshold which nay be a face of a part by suitably delaying earnm ot thefunction of the location within the part, then the received signals.

transcrn coordinates. Tak3f oe the ultrascer beam over ±25 Thbnwithmllb

host CPU can request tihe microcomputer to send it

alsthe urre t CrdnatS/2of ten transduer and, e tim._Sncet__paticla _grupf_ t)_ ranmi

upon receipt, store these on the disk memiory. AARmA -]

Ultrasonic Array_--
to e of ten objectives of the test bed programa

is to utilize an ultrasonic array for imaging aiid

scattering measurements. The electronics for ct
driving this array will have a somewhat different it w
objective than some of the array based systems d

that dre currently available. Our chief purpose ,A , IlMALId
will bu to obtain a waveform that has as little rcv sgl

distortion as possible, whereas for many systems .-

the objective is to obtain an image in as little

tihe curen odi nstes ofh tansdter and,

one depends on the image enhancement ability of

the eye/brain system to filter out the effects of

the distortion that results. In the system that ij. 13 mear array used tom retliL tlon mi.-

is being designed and built for the test bed, we iang.

would like to be able to display a single frame ot

an image and be able to recogniza e i m u s t m in
1
I,-m t lL ttttrle

details of the object under study. In addition ,Ita Vy til, t,; lll , ll ,,tt, I .1 ,. ,

the system will be required to collect scatteri t j th 6r nieI arm t , 1 set ti o in I. UL t 1,t



elements is being used to insonify the defect and shifting the waveforms and summing them to synthe-
other groups are being used sequentially to size a beam from a specified direction. The array
collect scattered signals at various angles. If processor will also Interpolate between data
the array is rotated about an axis passing through points in the waveform if the desired shift is not
the defect, then a complete set of scattering an integral number of clock cycles. This will
waveforms can be collected for use by the Inverse reduce the sidelobe levels in the array response.
Born Approximation or by the POFFIS algorithm. The array processor will also be used to correct

for amplitude errors in the response of a particu-
A block diagram of the ultrasonic array lar array element. The processed signals will be

system is shown in Fig. 8. The S/2UU minicomputer sent to the S/200 minicomputer for storage on the
will send out a set of codes that will select the disk memory and to be displayed on the color dis-
desired set of transmit elements, the desired set play. The raw waveforms can also be sent to the
of receive elements and the set of time delays p/20 for storage on the disk memory. The display
that will define the transmit beam direction. unit can be programned in a rather general way to
These codes will be stored in the control memory. display the data in many different formats. For
The timing and control block will interpret the ima e data iciate that oratscan
codes and activate the transmit and receive image data, we anticipate that both B and C scanmultiplexers so that the appropriate array ele- displays will be useful. For scattering data,
ments are selected. This block will also send other formats will be used to convey the maximum

information about the signals. (We are currently

exploring various techniques for doing this but
have not yet reached any conclusions.) The 240

PITCH-cAICH Ielement array was just recently received. We plan

ARRAY

N/

Fig. 8 Ultrasonic array sional processing
/ systems.

to test it out as soon as we can. The documenta-
tion received from Battelle Northwest indicates
that the acceptance angle for an individual ele-
ment to the b dB level exceeds ±300 in water. The
6 dB bandwidth is between 30% and 35t with a

Fig. 7 Linear array used in a pitch catch mode center frequency of 2.b MHz.
for obtaining scattering data.

We are developing a hybrid pulser/receiver

suitably delayed trigger signals to each of the 16 for use with the array. We were fortunate to be

selected transmitter elements to synthesize an able to evaluate a unit furnished to us by William

ultrasonic beam with the desired direction. The Sturrock of Northrup. This unit was in a 1 ce x I

trigger signals which are positive going TTL level cm x 3 n flat pack that we deemed to be small
pulses will activate the pulser and cause a high enough for our application. We are refining the

voltage (200-3UUV) pulse to be applied to the design of the circuitry to have lower power con-

transducer. The returning ultrasonic signal from sumption, a wider bandwidth receiver, and a pulser

the object under investigation will be received by with more reproducible characteristics. Although

each of the 16 selected receive elements. The the design of the receiver is firm, the details of

received signals will each be amplified by 2o dB the design of the pulser to accompany the receiver

by a low noise, low distortion, hybrid preampli- are still being modified. The crux of the problem

fier. They will then pass through the receive is to obtain an active element 1) that can be used

nultiplexer to a line driver that will send them to generate a sufficiently sharp shock excitation

each to an b bit, 19 MHz A/D converter which will pulse to fully excite the bandpass of the trans-

digitize the signal and load it into an 8 x 1K bit ducer, 2) that will hold off 300 volts and 3)

fast random access memory. All Ib of the A/U con- whose characteristics will be virtually identical

verters are started synchronously after a delay from one unit to the next. We are currently

curresponding to the round trip time of the ultra- considering high voltage transistors operated in

sonic signal between the transducer and the front the linear mode, high voltage transistors operated

surface of the part. The contents of each of the in the avalanche mode, and silicon controlled

sixteen memories will be sequentially clocked rectifiers.

through the interface to the array processor at a The design of the multiplexer to be used in
rate compatible with the operation of the array the system is complete. The multiplexer can be
processor and minicomputer (approximately U.5 divided into three separate units each of which is
MHz). The array processor will have the task of a 240 to lb multiplexer. The first of these is a
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digital unit that is used to select the transmit converter, the circuitry for the interface between
elements. The second is also a digital unit that the A/D and the RAM, and the circuitry for opera-
is used to select the receivers that are to be ting the RAM has to be designed as a unit because
turned on. The third is an analog unit that will of the clocking speeds that are being used and
connect the active receivers to the A/D convert- because everything has to work together. To help
ers. The technique used for multiplexing is shown in optimizing the design, a prototype of the digi-

schematically in Fig. 9. Although each of the tizer and memory for a single channel was con-
numbered rectangles could correspond to a single structed. A block diagram showing the major ele-

transducer element, we have decided to have the ments of this prototype is shown in Fig. 10.
unit switch four elements at a time to reduce the
space required. Consequently each of the numbered
rectangles corresponds to four transducer ele-
ments. Each of the switches shown has 15 switch
positions although only 5 are explicitly shown.
This implies that there are 60 distinct groups of r
transducers that can be selected. The switching ,': I ): ,.
is accomplished by initially sending a master code I I I
on the line labeled 0 that selects the same corre-
sponding position for each of the four switches.
Note that this automatically selects four con- '
tiguous groups of elements or 16 elements. If we 1 Lt I."l :
want to select a group of 16 elements that corre-
sponds to a shift of an integral multiple of 16
elements (4 groups) then the master code is simply 1---
advanced or retarded by n where n is the appro-
priate integer. If we want to shift by less

Fig. 10 Ultrasonic digitizer.

- Other than the A/U converter and the memory, the
important blocks are the latch between the two
units, a delay circuit for determining when the

meiaory will start loading after an external
trigger is received, and a delay circuit for

determining when the transmit trigger will be sent
to the pulser.

. -I - - "The performance of the unit was evaluated
using the experimental setup shown in Fig. 11. A

standard 2.25 MHz transducer was connected to a
Panametrics pulser whose output was connected to
the digitizer. The memory of the digitizer was

Fig. 9 Ultrasonic array multiplexer.

than an integral multiple of 16 elements, aux-
iliary codes can be sent on lines A, B, and C. A ... [
one on line A will provide a shift of 4 elements.
A one on lines A and B will provide a shift of 8

elements. A one on lines A, B, and C will provide
a shift of 12 elements. In this way it is possi-
ble to select groups of 16 contiguous elements in
groups of four at any location on the array. Note
that we are not required to have more than one
wire connected to each element. Furthermore we

only need eight, 8:1 multiplexers for each of the
three separate units. Fig. 11 Ultrasonic digitizer test system.

The 16 receiving elements will each be con- clocked out to a digital-to-analog converter at a

nected to an 8 bit analog to digital converter 2 MHz rate. The resulting analog signal showing a
operating at a clocking rate of 19 MHz. We are quantization due to the sampling was displayed on
using the TRW Model TOC 1007J A/D converter that an oscilloscope. In Fig 12, the upper trace shows
was mentioned in Interim Technical Report #1. the signal sent in to the digitizer while the
Each of the A/D converters will clock the digi- lower trace shows the signal after being digi-
tized signals into a fast IK byte random access tized, stored in memory, and reconstructed.
memory that will store the signal until it is The reconstructed signal is a good replica of the
clocked out to the array processor or the S/200 input signal with the quantization added. This
minicomputer at a rate compatible with their circuit has been very useful for optimizing de-
operation. The circuitry for operating the A/D tailed design features of the digitizer such as

')94



timing, gain setting circuitry at the input, and
grounding techniques for minimizing noise effects.
A photograph of the completed unit and the U/A
converter is shown at the bottom of Fig. 12.

Simulated Turbine Bore Samples

ULTRASONICECHOFROM One of the objectives of the program is to be
ALUMINUM/WATERINTERFACE able to inspect real parts and in particular to be

able to inspect the inner bore of a turbine disk.
The demonstration of this capability is somewhat
difficult since it seems to be virtually impos-
sible to obtain a turbine disk with a known flaw
in the bore. To get around this problem we have
fabricated some simulated turbine bore samples
with known flaws in them. We have done this using
the diffusion bonding process that Neil Paton
developed earlier in the ARPA/AFML program.

ULTRASONIC ECHO AFTER
DIGITIZATION AND RECONSTRUCTION The samples are shown in Fig. 13. Each

sample has a cylindrical wall which has a 3.5"
radius oriented differently with regard to the
diffusion bonded surfaces represented by the bond
lines. Each sample contains nine defects at vary-

ing depths. These defects range over the whole
gamut of defects that have been previously tried.
A list of the defects is given in Table 1.

We have been very careful to document all of
these flaws as illustrated in Fig. 14 for the case

SINGLE CHANNE L DIG11rIZER of a prolate ellipsoidal void. Both dimensions of
the void have been measured after the cavities
were machined into the titanium and a micrograph

has been made of the circular cross section. The
samples have all been diffusion bonded and we are
preparing to machine the cylindrical surfaces into
them.

Early Data

The microprocessor controller is not fully

operational yet but we have been able to collect
some data from one of the diffusion bonded disks

Fig. 12 Performance of single channel digitizer, containing an 800 Pm spherical void. This can

SBOND LINES LIZ BOND LINE

SAMPLE 0 SAMP[F 9 SAMPLE 0

Fig. 13 Simulated turbine bore samples.
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TABLL 1
List of Flaws Contained In Simulated lurbine dore samples

Sample Defect Defect Distance Diameter Height
No. No. Type From Surface (mm) (pm) (pm)

88 1 Prolate Spheroidal Void 6.4 800 1600
88 2 Penny Shaped Crack 6.4 800 100
88 3 Oblate Spheroidal Void 6.4 800 300
88 4 Spherical Void 2.5 400 40U
88 5 Penny Shaped Crack 6.4 1200 100
88 6 WC Spherical Inclusion 6.4 400 400
88 7 Simulated Fatigue Crack 6.4 1200 ---
88 8 Simulated Fatigue Crack 0.4 1200
88 9 A12 03 Spherical Inclusion 6.4 400 400

89 1 A1203 Spherical Inclusion 6.4 800 800
89 2 Penny Shaped Crack 6.4 1200 100
89 3 Spherical Void 6.4 800 800
89 4 Simulated Fatigue Crack 6.4 1200 ---
89 5 Simulated Fatigue Crack 0.4 1200 ---
89 6 Spherical Void 6.4 120U 1200
89 7 WC Spherical Inclusion 2.5 1200 1200
89 8 Penny Shaped Crack 6.4 800 100
89 9 WC Spherical Inclusion 6.4 80U 80U

90 1 Oblate Spheroidal Void 9.7 80U 200
90 2 Simulated Fatigue Crack 6.4 1100 ---
90 3 Spherical Void 9.7 4.1 400
90 4 Prolate Spheroidal Void 9.7 8U 1600
90 5 Penny Shaped Crack 6.4 1200 100
90 6 Spherical Void 9.7 800 800
90 7 Spherical Void 9.7 1200 100
90 8 Penny Shaped Crack 6.4 800 100
90 9 A1203 Spherical Inclusion 9.7 800 800

serve as an example of the approach described
earlier for locating and analyzing a flaw.
Initially the sample was scanned in a raster
pattern with an unfocused transducer. The signals
were digitized and the maximum peak height of the
signal for each transducer position was stored in
memory. After the scan was completed these peak

heights were displayed to form an image of the
disk shown in Fig. 15. There is an indication *
that a flaw is present in the center of the disk.

Therefore a focused transducer was substituted for
the unfocused one and a small region in the center
of the disk was scanned in a raster pattern. The
resulting image is shown in Fig 16. Since the
characteristics of the focal spot of the trans-
ducer have been previously determined, it is known
that the flaw is not resolved and we are only
seeing the profile of the focal spot. Subsequent i
analysis showed that ka 

= 
Z for this flaw and it ',....

is known that the imaging mode cannot be used for
ka values less than 6. The next step was to use
the flat transducer and obtain a set of scattering
data from the flaw. We chose to analyze this data
using the Inverse Born Approximation. The band-
width of the data extended from 1.8 MHz to 6 MHz.
The characteristic function resulting from this
atidlysis is shown in Fig. 17. The predicted
radius of the flaw is 410 Pm which agrees very
well with the actual radius of 400 un. This
analysis was based solely on the scattering data
from a single direction. In regular practice one ' 4h
would combine the analysis of many different
directions to also obtain an estimate of the shape
and orientation of the flaw. As soon as it is
feasible to do so we plan to extend our measure-
nents to nonspheriCal flaws and to parts with rig. 14 Sample 88-1 800 wm x 16UU ,m prolate
complex geometries, spheroidal void.
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Fig. 1b Ultrasonic image of diffusion bonded Fig. lb 5(10 wm diameter sphlerical void in
disk #48. titani tn disk ff46.

ItM -00US 

Fig. 17 Inverse born approximation characteristic
function for nominal 8U~ism diameter flaw.



SUMARY DISCUSSION
(R. Addison)

John Brinkman (Session Chairman--Rockwell, Albequerque Development laboratory)
We have time for a couple of questions.

Paul Holler (Inst. fur Zerstorungsfreie Prufverfahren): What type of array processor
were you using?

Bob Addisont It will be an analogic array processor. I can't give you all the details
on it, but there are people here who can. It has been ordered and we anticipate
delivery in about a month.
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AUTOMATIC INTERPRETATION OF ULTRASONIC IMAGING*

Stephen S. Lane
Adaptronics, Inc.

McLean, Virginia 22102

and

Douglas K. Lemon
Battelle-Northwest

Richland, Washington 99352

ABSTRACT

The objective of this work is to develop an advanced automatic ultrasonic inspection system via
adaptive learning network signal processing techniques. This system will provide the type, location, and
size of defects in metal more quickly and to smaller defect size than current imaging systems, without
the need for operator interpretation of the results.

An ultrasonic imaging array constructed for this project has been used to record data from artifi-
cial defects in carbon steel test blocks. Software has been written to automatically determine the
orientation and size of cracks from these digitized waveforms. Detection of these cracks has been unam-
biguous down to 1/6 wavelength or 0.25 mm. Sizing for depth is accurate to 12% down to 1/3 wavelength.

Further research will extend these results to other defect types and to smaller defects. The sig-
nificance of this work is that it will demonstrate the feasibility of a totally automatic detection,
classification, and sizing system which will work with hardware ordinarily used for imaging. This system
will provide a numerical estimate of the defect parameters rather than an image requiring operator inter-
pretation, and it will do so at defect dimensions smaller then the limits set by the resolution of imag-
ing systems.

INTRODUCTION only changes in that description will be presented
here., All data were collected by D. Y. Lemon of

It is generally recognized that the ultra- Battele. The outboard array previously referred
sonic energy pattern or signature reflected from a to was positioned as close as possible to the main
qiven target contains substantially greater infor- receiving array, and receiving elements on the
clation than is being utilized by present ultra- main array were wired as shown in Fig. 1. A shear
sonic nondestructive testing techniques. When an (S) wave beam at 34" from the vertical was direc-
ultrasonic sound beam illuminates a given target, ted into the metal, pulse-echo data from the out-
the pattern generated by the target contains re- board array and pitch-catch data from receivers on
flected, diffracted, and redirected energies which the main array were collected for all [DM notches,
include time, amplitude, and freouency spectral beth at 0 and 30' from the vertical. This con-
information that uniquely descrihes the reflector. stituted a total of 32 artificial defects. Data
Linear arrays afford the opportunity of capturing were taken on the main array for receivers suc-
the pattern reflected from a flaw or target. cessively further from the outboard array until no

defect-related signal could be observed. Approxi-
It was anticipated at the start of this pro- mately 700 waveforms were recorded in this way.

gram that parameters of the scattered waveforms, All defects were detected with good signal-to-
as well as those of the reflected energy, could be noise ratio.
used to size defects. This has proven to be the
case as will be shown in this paper. Parameters SoI TAPI DEVELnPmENT
fr om the mode-converted diffracted adaptive learn-
ing networks to classify these cracks as to their Software to simulate, as far as possible, the
orientation ard provide estimates of their depth. intended functions of the ALN 4000 in this appli-
Furthermore, the work reported here shows that cation was written to analyze these data. Since
these parameters can be extracted from the raw the array was positioned by an operator this func-
waveforms automtfically. It remains in this pro- t)r)n could not he simulated. In the hardware im-
ject to extend these results to other types of plementation, the ALN 4000 will acquire the desired
defects And to implement the algorithms developed wavforms by addressing particular receivers.
so far in hardware. H1ere, all waveforms were prerecorded and were ac-

quired by searching through a list for the desired
DATA COII[CTION receiver. All other functions described below

will he iripl tPnted in software much as they are
The experimental apparatus has been descrihed here.

in last year's Proceedings of this conference and

This research i_, sp ported hy the Pe'ense Advanced Pesearch Projects Agency under

Contract No. mDA-q3-IR.C-CO2?3, PAPPA Crder No. 3''3.
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Fig. 1 Test block and ultrasonic arrays.

The system performs the following functions
in this sequence:

* detect defect in pulse-echo mode;

* acquire pitch-catch waveforms; I

* identify defect-related energy;

* extract features; and

* classify and size.

The specific implementation of these steps is -
shown in Fig. 2. Defect detection is performed by -
moving the array by a step size as determined by
the ultrasonic spot size and acquiring a pulse-
echo waveform. This waveform is passed to a sig-
nal detector which selects those portions of the
waveform where the signal-to-noise ratio is high
enough that a signal may be claimed to be pres-
ent. The detection-association-processor (DAP)
determines which, if any, of those signals may be
due to a defect of interest. Other signals may be
due to geometric reflectors or uninteresting de-

fects such as layers of precipitate. If no defectis present, the array is moved to another nearbyJ?-

position. If a defect-related detection is found,
the array Is stopped and additional waveforms are
acquired.

In the present configuration, eight waveforms
from the receivers labeled "heamforming array" in
Fig. I are recorded and used to form an ordinary
time-delay-and-stan beam pointed at the defect at
the compressional (P) wave velocity. The mode- Fig. 2 Inspection system logic.
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converted diffracted energy preferentially passed performance. When the signal-to-noise ratio
by this beam is expected to provide significant crosses the detection threshold, an entry is made
sizing and classification information. This in the detection log, claiming the beginning or
beamed waveform proceeds to the signal detector ending of a signal, depending on whether the sig-
which locates time windows with signals as be- nal-to-noise ratio was increasing or decreasing.
fore. The detection association processor again
finds those signals due to the defect, and these Figure 4 shows a sample wavefoni from a beam
signals provide the features used in classifica- of eight elements directed toward an EDM notch
tion and sizing, the last step in the process. 0.76 mm deep. The waveform with windows where a

detection was claimed is shown in the top of the
Figure 3 shows some details of the signal figure, and the signal-to-noise ratio in the

detector. The only reasonable criterion for the bottom. The horizontal line at the bottom corres-
presence of a signal is a signal-to-noise ratio ponds to the detection threshold, about 18 dP in
(DET) above some preassigned threshold, so the this case. Corresponding arrows on the top figure
task of a signal detector is to calculate the show detections. The predicted arrival time for
noise power and the signal power. This is done by the mode converted energy is indicated by "SP
executing the loop shown in Fig. 3 once per time time" and is seen to agree well with the actual
point. The signal power (STA) is simply the aver- arrival time )f a pulse of energy.
age power over some time window, generally about
the length of the expected signal. The noise It is the task of the detection-association-
power (LTA) is the average power over some much processor (DAP) to prdict the arrival times of
longer time interval preceding the current time, the various phases and decide which, if any, of
and chosen so as to exclude any signals. The the actual detections match those times. It
noise power as well as the signal power must he therefore must contain a model of the experiment,
continually updated in order to account for the including distances, geometry, and propagation
inevitable nonstationarity in the noise. Nonsta- velocities. Figure I shows the relevant ray paths
tionarity occurs for a variety of reasons in real for this experiment.
experiments, and in this case is caused by dis-
tance-dependent attenuation and inhomogeneities in First, the DAP calculates the water depth.
the metal, among others. There is sufficient side-lobe energy from the out-

board array to give a large response trom the
front surface, and this enables the calculation of

the water depth, given the speed of compressional
Iwaves in water. Then the phase arrival time can

be found from the metal depth, the shear wave
velocity in the metal, and the beam angle in the

water bath. In the futur4ewhen defects at differ-
ent depths are examined, a depth will be calcu-
lated for each arrival time and those in the range

of interest accepted as belonging to defects.

When the DAP is entered with a detection log
<> from a pitch-catch waveform, the requirements are
. somewhat different. The water depth and the de-

-- fect depth are known, and it is required to find
the arrival times of the various phases at a given
receiver. Again, from Fig. I it can be seen that
knowledge of the geometry. t~e transmitter-
receiver distance, and the various velocities may

be used to find these times. The signal closest
in time to the.predicted time, if it is within a

preset tolerance, will be claimed to he the phase
in question.

FEATURF [XTRACTION

7 -- Once the required signals were obtained,

parameters were extracted. Previous experience
(Shankar, 1979)2 has shown that spectral param-

eters may be used to size cracks ultrasonically.
Accordingly, power spectra of all arrivals were

_calculated and the parameters illustrated in
Fig. 5 found. This figure shows the power spec-

trum of the SP waveform shown in Fig. 4 and is
Fig. 3 Signal detector logic, typical of SP phases. The frequency interval be-

tween 0.5 and 4.0 MHz has been divided into eight
Bursts of noise of short duration may occur equal intervals, and the fractional power in each

in the data, and these should not be included in interval calculated. These powers are normalized
the noise estimate. Neither should they be de- parameters not dependent on gains or pulser set-
clared to he signals, so separate thresholds are tings. The integral of this parameter. i.e., the
set for freezing the noise estimate and for de- power in a hand up to and including a p'rticular
claring detections. It is found that setting the frequency, was also calculated. linally, the fre-
detection threshold about 4 dP above the noise- quency at which the integrated fractional power
freezing threshold does result in satisfactory achieved I/R, ?/F, ... was found.
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Fig. 4 Beamed waveforms.

Fig. 5 SP power spectrum.
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These parameters describe the shape of the 7Thty , 'ev are as recorded so they contain
spectrumn. The first indicates the location of the the effect>. If the fransdocer, whose spectrum
spectral peak. The second, the integrated power, pea ,s at abou '. MHz and has, a minor peak near
gives an idea of how sharply peaked the spectrumn 5.0) 7~ he energy in this minor peak is rela-
is. Rapid variation in this parameter indicates a !tively I o, I han its ,ontrihution in the SS spec-
narrow spectrum. The third has the opposite mean- trot". s,gjqet ing tha the processes of mode con-
ing. Large chanq)es in this parameter indicate a vers'nn And d.iffraction ait the target have shifted
slowly varying spectrum. As a group. they were enefrgy froi, the incident shear wave into the out-found satisfactory for parameterizing the .pectrtim. qnirig roulpressi onal wave much more efficiently At

ow frequenc-ies than At high frequenc ies. Hencefigure 6 shows a typical SS spectrur recorded the low frequency S% level is tower than expected
in the pulse-echo mode,. The target was the same and the tow frequency WP level higher than
as that in Fig. F,. hut the spectral sha!P is dra- eujPected.
matically different. There is relatively much
mo/re energy in the frequency range Above 4.0 MH7
in the SS spect i.



ADAPTIVE LEARNING NETWORKS 0 cracks can be detected automatically and

unambiguously as low as 1/6 wavelength;

The SS spectra were parameterized in the same

way as the SP spectra, except that the frequency 0 cracks at 30' from the vertical can be
range used was from 1.0 MHz to 6.5 MHz, reflecting distinguished from those at 0' from the

the different distribution of energy in these vertical;
spectra. All spectral parameters were irput to
Adaptronics adaptive learning network software * cracks can be sized with about 12% mean

which found networks which discriminated between deviation from the true depth as low as

cracks at 300 and 0' from the vertical, and which 1/3 wavelength; and
found the depths of the cracks in each class.
Separate networks were necessary for each crack * the processes for acquiring the data to

angle, a result that might be expected given the train the adaptive learning networks for

fact that discrimination on angle was possible. these functions can be made automatic, as
Networks for classification and sizing are shown can be actual sizing and classification
in Figs. 7, 8, and 9, along with the parameters themselves.
involved in them. In every case, parameters from

the SP waveforms were found to be important, show- REFERENCES
ing that mode-converted and diffracted energy is
indeed useful in defect characterization. Final- 1. A. N., Mucciardi, S. S. Lane, and G. J.

ly, Fig. 10 shows the model depth as a function of Posakony, "Overview of Planned Ultrasonic

the true depth for both crack orientations. The Imaging System with Automatic ALN Data
mean absolute deviation between model and predic- Interpretation, "DARPA Contract DSA MDA 903-

tion is about 12% here, which is satisfactory 78-C-0223, March 15, 1978 to May 14, 1980.

agreement.
2. R. S., Shankar, in EPRI NP-964 1979 Interim

SUMMARY AND CONCLUSIONS Report, January 1979, on EPRI Contract
RP1125-1, Application of Nonlinear Signal

Using the present array and software, present Processing to Pipe and Nozzle Inspection.
capability is:

f IP

Fig. 8 Network to size 30' cracks.

Fi . 7 N:etwor to) discriminate crack angle.

Fin. N two 3 to size' .c rig, In

Predicted versus
known crac7 dtpths



.3t%!'<ArY DI;S '..1( ,U
S. . lare)

Mark Weinberg (U.S. Army Armament R&D ommad): Were all thre, transducers fixcd ir.
relation to each other in the scan

Steve Lane: They were in this experiment. There is a capability cf movine the trans-
ducer array, number one, which is mounted on a goniometer tc about five different
known positions from the main array.

Mark Weinberg: Do you see any particular difficulty in ajplyiin[ a seqlence of' this
nature to other than a flat plane?

Steve Lane: The detection association processor would have to he modified tc correctly
predict the mode arrival times. But other than that, no. You would also have
to know where you were with respect to the curved front surlace, for instance.
But presumably the pulse echo shots at the front surface cculd give you that
information.
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DEVELOPMENT OF ADVANCED NDE ULTRASONIC EQUIPMENT

A.S. Birks and G.J. Posakonv
Battelle Pacific Northwest Laboratories

Richland, WA 99352

AB3TRACT

Recent studies to determine the probability of detection of nondestructive examination methods by the

Air Force indicate that these capabilities are severely limited. One of the factor, contributino to the
insufficiency of ultrasonic testing is related to a general lack of v,-rsatility and capability of commer-

cial ultrasonic equipment. Inadequate instrument reliability, inconsistent components including trans-
ducers, and uncertain calibration standards further compromise the potential utility of this method.

Battelle Pacific Northwest Laboratories, urder trie sponsorship of the Manufa.cturinn Technology

Division of the Air Force Materials Laboratory, is developing an advanced ultrasonic nondestructive test-
ino system drected at resolving these defficiencies. As a result, this prooram will est 'lish a modular

ultrasonic systemn specification that will prevent near term obsolescence hy nermitting the addition of new

technology such as ARPA developments in the form of additional or replarement modules.

This paper will describe the Phase I and II tasks and objectives which are planned to establish an

eouipmernt specification, demonstrate initial prototype systems, and prrvide a procurement specification
and technical manuals. Progress to date will be surmmarized.

INTRODUCTION 3. Imurove receiver nose figures, qain
and bandwidth

Recent studies' by the Air Force to determine 4. Improve RF detector sensitivity and
the probability of detection of service induced linearity

flaws suggests that the capabilities of the ultra- 5. Optimize video display
sonic examination method is limited to relatively 6. Improve oatino and recording
large flaws. A current program

' 
to determine 7. Optimize packaging for field use

acceptable performance ranges of transducers indi- 8. Standardization of controls
cates that these components are highly variable and 9. Provide sioplified calibration
are suspected of t.eing a major contributor to the 10. Insure computer interfaceabilitv
unreliability of the examination method. In concert
with similar on-oing programs to provide more reli- Improvwd technical training and operatin
able NOE equipment to the USAF field and depot maintenance manuals will be developed for the ad

inspection activities and to make this equipment vanced ultrasonic eouipment. These manuals will
available to the manufacturers of enoine/airframe esphasize oneration and oerformance clarity.

components, a Manufacturing Technology Division
program has been initiated under AFSC Contract The ultrasonic system will then be documented

F33615-78-C-5032 to establish specifications for as a final production procurement soecification.

more reliable, advanced ultrasonic NDE equipment.
Current Activity - Several project teams have been

The program will utilize current state-of-art making measurements and collecting data needed to
opportunities as well as advanced concepts to attain establish performance specifications exemplifying

the required performance improvements. The enuip- these improvements. Specific areas of study in-

ment will be established in a modular configuration clude:
that will permit future concepts to be added as
they are developed and thereby prevent near term Evaluation of Current E_ ul _ent - One

obsolescence. The advanced equipment concept is task group is evaluating current comrercial

shown in Fig. 1. The functional areas to be UT equipment representative of that now in

addressed in this program includes the basic use by the Air Force and their suppliers.

pulser-receiver elements used in the contemporary Seven instruments manufactured by foar

pulse-echo technique, the transducers, coaxial commercial LIT equipment manufacturers have
cable, electronc "gating" and recording methods, been selected for these tests. 1,ch

packaging. and system manuals. instrument will be evaluated at points in

the system as showr in Fig. 3. A procedure

Program Objectives - Specific areas of improvement has been developed to make these measure-

have heen identified as a result of reviewing ments in a specific and repeatable manner

previously conducted studies, surveys of USAFNDI to provide accurate engineering data.

shops and discussions with airframe and engine The resulting data will be used to estab-

manufacturers. Typical areas of concern resulting lish a baseline of curent equipment per-

from the survey of AFNDI shops are shown in Fig. 2. formance. In addition, the information

Specific areas of the instrumentation iortion of will provide a basis for the development

the system where improvements will be made are: of new specifications for the advanced
ultrasonic equipment. The procedures Lsed

1. Optimize pulser/driver will he further utilized to evaluate the
2. Establish transducer nfrformance specs performance of newly manufactured equipment
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and to assess the degree of perform- be used to demonstrate irnorovements of
ance deterioration of the production the advanced equipment to users and
prototype equipment resulting from a manufacturers that may be potential
full scale field evaluation, bidders for manufacture of six initial

production prototype systems.
Evaluation of Transducers 

- Transducer

performance has been concurrently re- One of the features of the breadboard model
viewed to determine the variabilities shown in Fig. 4, is the use of a prGgrammed
in relative insertion loss, electrical standardization system. A microprocessor
impedance, center frequency, bandwidth will adjust various system parameters to
and damping. the requirements of a specific Technical

Order (T.O.). These procedures describe
Several prototypes have been manufactured the calibration adjustments required for
utilizing current state-of-art develop- testing a specific aircraft structural
ments. Transducers which have been component. Specifically, the pulse trans-
effectively applied to turbine engine mission rate, receiver gain, sweep speed,
components manufactured in support of gate interval and position, alarm and
the near-net-shape program have pro- record levels will be controlled. To
vided excellent performance and appear compensate for slight variations in trans-
to be prime candidates for the ad- ducers or electronic performance, a small
vanced systems. Others have been amount of manual override over the nominal
fabricated t3 arbitrary specifications microprocessor selected adjustments will
to determine the parameters which must be provided. Similar instructions could
be specified to provide improved be programmed for a variety of examinations
performance. providing subcomponents of the system are

controlled by appropriate specifications.
An intensive study has been conducted
into the parameters of pulser/trans- New State-Of-Art Opportunities - One of the
ducer impedance optimization in an principal objectives of the advanced oquipment
effort to maximize acoustic output and program is to insure that the system will not be
minimize distortion. Several designs subject to near term obsolescence. To attain this
are now under study as possible goal, the specifications must consider present
candidates for the advanced equipment. and future applications in parameters describing

the basic pulser/transducer/receiver, computer
Calibrator Develo ment - A method to architecture and physical structure.
permit e operator to conveniently
and accurately evaluate the ultrasonic In response to this need, both current and new
system's performance has been studied, state-of-art concepts and opportunities are being
The present concept will be developed evaluated. Those which have a good potential of up-
at Battelle and incorporated as part grading ultrasonic equipment performance will be
of the system specification. developed into breadboard models, as shown in Fig.

5, to determine the specific interface required for
The calibrator envisioned would permit adaption. Areas such as digital signal processing,
the transducer to be used for a specific pattern recognition and signal improvement/noise
application to be placed on the surface suppression are typical candidates for future up-
of a specifically designed test block, grading and are currently under study.
Sound transmitted into the block is
detected by fixed wide band transducers Progress to fate
located at the center of the incident
sound beam. By selecting appropriate Evaluation of Current Equipment - Data
delays and gains, the incident pulse collected to date on the performance of
would be amplified, transmitted, and current equipment indicates that:
redirected back toward the transducer.

1. A variety of pulse shapes are
The returned pulse will then be viewed used by commercial equipment
on the instrument's oscilloscope to designers to excite the trans-
determine if the system is operating ducer to create the acoustic
within acceptable limits. The exact pulse burst. The most common
results of this test could be logged pulse is a negative going pulse
on test reports to indicate that the having a fast rise time and a
system had been checked and had gradual decay. In almost all
maintained the correct level of operation cases, the pulser has been de-
through the test. signed to work into a 50 .1

resistive load and little con-
Breadboard De igin - A breadboard demon- cern has been given to:
stration system is concurrently heinq
designed with the atove activities. The a. Matching the output impedance,
breadboard will he -uilt incorporating consistinq of the catle and
specific advancements to provide an transducer assembly, thereby
interim model emulating the design eliminating or reducing
concepts and performance established standing waves and resulting
for the initial production prototypp distortions caused by re-
equipment. The breadboard system will flections from the trans-
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ducer to cable mismatch. performance are not obvious and perhaps thrt 1', th,
reason they have been retai ned in turrent eguipser.t

b. Properly termnati ng the input designs. The results, of evaluatijog current toirier-
to effectively isolate the pulser cidl equipment indicates, that the following area';
impedance from the cable after are the most ;Prious:
the pulse has ceased

1. The availability Of transducers,
2. A test frequency shift has been that have unsIpcified wide vani-

measured on most equipment tested ations it) impedance values and
from point 8 to point D, Fig. 3. phase angles.
The frequency change measured on
a typical instrument is shown in 2. The presence of uncal ibrated and
Table 1, where a variation of 3.0 MHz non-uniformr controls, which when
was observed as a result of merely reset create unpredictathle tvesting
manipulating the damping control parameters.
from minimum to maximum setting.
The most significant impact of this, 3. The creation of harmonies and phase
situation is that the actual center distortions 1)y improperly terminating
frequency and spectral content of the cables, and transducer loads.
interrogating acoustic beam at point
B varied from 3.0 MHz to 6.25 MHz, /l. The use of randoi lengths, and type.
while the 6 dBi bandwidth of the pulse of coaxial cat lt
changed from 1 .0 to 6.0 MHz (min.
damp ing ) to 4.5 to 7.0 MHz (max. 5, Saturation in the receiver aimpl ifiem
damping) as the si gnalI passed through treadting r(-sponseo variat ions, thiat it',
various stages of the instrument. difficAlt to relate to the, cautadtivf-
If flaw characterization by pattern source.
recognition or adaptive learning
techniques are to be applied in the 6. Noise inherent to the eguipivient de-
future, this uncontrolled variabil- sign or other sources within the
ity miust he controlled. system that require% the use of 're-

ject" or other noise reduc tion shee
i. Coniimert ia I transducers; evaluated to

date appear to bo of two has it types, T lio current program will provide %ign ificatal-
highly damped with limited bandwidt' ly advanced NOE ultrasonic egmiiprient . correcty
or med ium dmmsped with tuned rlirrow des igned for the user't and mancufactlured to pernrrs
k icd pefmcn.Large imipcOikle in an accurate, and pindictablet manner. The iciple-
var iat io(ns have been measured rano in mgnentat ion of this, egouipment by the Air Force, a' d
fron, a few ohms, to over 1001) Ohms . its) sup;l1 i(ers will result in improvedpobl i
-he phase angle of the irhdance cant (If detect ion (if Iefects by the ul tra-toit in ito-
range from highly capacitive to in- 1ruttivP examination method.
ducti ye depend in riosn the transducer
des igqn. Typical irc~tedance plots in REFEPENCUV
the form of a Smith chart are, %hown
i n F i ij . 6. Actual f regoerity of 1 . W. H. Lewis, Lotckheed Georg i a Company, Nt
operati on is (In ipproximiat ioin destructive Inspection Rfel &I~bI 1ty Iroorar'-
that nomi1nal11y ind c a ted. wi I t, Vork " holi N ot es, I W -At-L ( Cont rac(t 1T 1'o:. - i
fandwi dth% vair' wi del v. 0_-T506-003H , August, 1 (U

Transducers for future egouipment 2. V.D. Siiii th , L .M. Tell1er , P.1 . Swaniser, . outlhwest
will have to perform in a more Research I nitto, "Ergi n(enrig q r tot
prod i cta ble manne r. However, Ino Determi ne AtteItamnce Levels, of it ra son ii
method arid procedare, of iiea',urinrg Transducers, f(or Nondestruc ti r e est i ri', liral
the performance oftY- avi~ctinn iiust Eriiiei71Rlht, SLlnri t 41107-

lbe s iirul 'tarious Iv devol opecl to pro- I TTn , 170
v i de a iirrlro nri g rund for o tv alI oat r onY
of ',ptif iv-d eor'firrrice. An
arhi trar/ Piotetine is, fe I inq',

tY. fsodisdrt oif th is ,tud.

I hi n.' to rF-so I ye thn. urprr'i t a fl''-
forraru_,' oft ul t rasorirc norides trot t i e test i nt
wiyji crnt has, loon treated by the user as, a spec if it
d( mionioton va 20p in dotenriiimi ng eAnri nation re-

pf-,Otatili ty, ,ensitivity arid clotectabil1ity.
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SUMMARY DISCUSSION
(A. S. Birks)

Don Thompson (Science Center): Could you describe your calibrator again':

Al Birks: The calibrator we have developed at this point is a delay line, a blcck ,f
solid piece of material, on which the transducer selected for a particular alf.li-
cation would be placed. The sound beam would propagate through the block where
the signal would be detected by a wide bandwidth transducer located on tht
opposite side. The signal would go through an amplifier and a delay line, whore
amplification and delay time would be set in accordance with the required trares-
ducer. This is required to compensate for the beam geometry which is dependernt
on the frequency and size of the transducer. This signal is then repropa ,ated
back toward the transducer. The returning signal will then be amplified by the
instrument's receiver--now you're back into the main instrument--and displayed on
the oscilloscope screen. The program could be set up to call for a certain
amplitude of signal. The presence of this appropriate signal, as required by the
program, would be evaluated by a decision algorithm in the program and advise thE
technician to proceed with his test. It's kind of a check-out. It's not a true
calibration.

Chris Fortunko (Science Center): Could you tell us what the improvements will be to
the transmitter and circuitry in this instrument over the current instrumentation.

Al Birkst The improvements are multifold. First of all, we are looking at this
present time at a spike pulse, which appears to be a very good selection. We
have also looked at other forms of excitation, mainly a square wave, which
appears to have very good possibilities. It looks like there may be approxi-
mately five db more gain available here over the spike pulse, but it may require
quite a bit of temporal adjustment to attain this gain.

Chris Fortunko: The problem with the spike pulse is that it has a lot of' energy to
get the high frequency. The way you generate it now is by means of an avalanche
device, such as a transistor or SCR, where biasing is very sensitive to thermal
variations and load characteristics.

Al Birks: You mean like the impedance? That's another problem. The impedance Cof the
cable and terminating load of the transducer is quite a factor in the system.
A mismatch introduces quite a bit of standing wave distortion. We're looking at
the impedance-matching problems both at the output of the pulse, the receiver
input isolation, and transducer load to reduce distortion in the reflected wave
coming back from the transducer.

Bob Addision (Science Center): Just a point of clarification. When you were measurirq'

the peak of the frequency response for those variety of pulses, what measurement
was that? I wasn't quite clear what you were measuring.

Al Birks, You mean the amplitude?

Bob Addison, You were measuring the peak amp. What frequency did it peak out'.
The center frequency? The first pulser characteristics? Then you have two
dampening control settings, one is two and one is 5.8. What were you looking
at there? I just wasn't sure. What are you measuring?

Al Birks: We are measuring the center frequency.

Bob Addition: The center frequency of what?

Al Birks, The electrical pulse which is applied to the crystal or the load. This i-j
the spectrum of the pulse that is applied to the transducer and 1h, maximum
response of that spectrum has been labeled "leak Frequency".

Bob Addison: Fine.

Al Birks, At this time we do not know what good this information is r, ciiq' to t,(. to
us, but, obviously, if you don't havr the frequency contained in the e, lctrical
pulse that is activating the transducer, it's rather difficult tc (.xpect to j'et
the acoustic energy at that frequency out later. That's what I m(-an, this
specific interrelationship has not yet beer developed--it has o,.on quito
interesting observing these variations which form a base line and a tbasis for
preliminary specifications. We will have to convert these sprrifiralins into

(continued)
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A. Birks (continued discussion)

a production procurement document for the Air Force and procure improved equinjrit.
Therefore, we have got to get a thorough understanding of how current equipme nt
performs.

Unidentified Speaker: Did this instrument have a spike pulse on the transmitter-, (r
was it a switch sort of a thing that went down sharply and then came back.

Al Birks: It was spiked.

Unidentified Speaker: Avalanche-type pulse?

Al Birks: I believe it was, yes.

Roy Buckrop (U.S. Army Armament Matl. Readiness Command): Al, you said you might talk
about a logarithmic readout as compared to a linear. Is this a move and ar attemt
to be able to discriminate more finitely between the background and the usable
signal? I'm referring back to our nonmetallic inclusion application where we
used computer banks in order to provide signal discrimination out of the "grass"
or background noise signals. Will a logarithm help you do this?

Al Birks: It really won't help you. It will amplify the low level signals and actually
make your noise a more prominent feature of the display. A problem in the Air
Force operation is that they use a lot of "rejects" to remove these unwanted
signals. I've seen some operators use an undesirable amount of "rejects" where
the dial would be turned to the 75 percent "ON" position. You know, with all the
concern about vertical linearity and other instrument performance, we created a
monster here where gain and distortion are running rampant without much concern
of the compromises to reproducibility or detectability.

Roy Buckrop: So you're still going to make the discriminating factor operator urienltd,
not trying to put. anything in the instrument's gain to remove the operator's
characteristics and provide a more finite discrimination of signal information
as compared to the background noise? Is the rating going to be adjusted any
closer to that signal-to-noise relationship'

Al Birks: Roy, we hope that by making the signal a less-distorted signal and taiancir.n
all of the electronics throughout the system, we will get a much cleaner signal.
Hopefully then the noise will be minimized and the "noise" that remains is truly
representative of acoustic information rather than electronic distortion.

##
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AUTOMATED INSPECTION DEVICE FOR EXPLOSIVE
CHARGE IN SHELLS - AIDECS*

Hans Weber, A. P. Trippe, D. Costello, J. C. Young,
L. A. Parks, C. A. Preskitt and Joseph John

IRT CORPORATION
San Diego, California

ABSTRACT

Certain defects in the explosive charge of an artillery shell can cause the projectile to explode
prematurely in the barrel of the launcher from which it is fired. The sensitivity of the radio raphi
technique presently used is limited by the large influence of the steel shell casing on the transmitted
radiation. A filmless radiometric technique utilizing the basic radiation principle of Compton scatterinq.
which will detect cavities in the explosive filler with minimal interference from the steel casing, has been
identified and tested.

By scanning the shell with a beam Of radiation and observing the Compton scattering through a unique
collimating system, it has been possible to detect voids as small as 1/16 inch in cross section. Th,.
hardware consists of the source, beam coilljator, detector collimator, and a large plastic scintillator
detector system. The projectile is inserted into the beam path and moved through a fixed scannin pattern ht
a mechanical handling system. The scanning sequence is computer controlled and results in a three-
dimensional data matrix giving a direct representation of density within the projectile. Voids are iden-
tified and classified by computer analysis,. and shell acceptability decisions are automatically generated.

An engineering prototype system is currently being assembled and tested. (A production prototype.
conceptual design is concurrently tinder development.) This new technique will replace an existinq filiv
radiography inspection procedure and eliminate the need for human interpretation of the defects, while
providing more consistent and reliable inspections at lower costs.

INTRODUCTION filmless, high-speed inspection of 11.5 mm
projectiles.

Experience has shown that certain defects in
the explosive charge of an artillery shell can The inspection technique embodied in this
cause the projectile to explode prematurely in the approach is based on the measurement of Compton-
barrel of the launcher fron which it is fired, scattered radiation. The method was identified as
Since such failures are dangerous and costly, their the most suitable method for inspecting explosive
incidence must be reduced to a minimu by ensuring charges for cavitation defects. It provides high
that the defective shells are detected with the resolution data in a three-dimensional format whi(h
highest possible confidence. Therefore, a great readily lends itself to a completely automated,
need exists for a reliable, nondestructive in- cost-effective defect analysis. A further major
spectinn technique that provides a means of advantage is that the technique is inherently less
identifying defects inside a shell with i speed sensitive to defects in the steel projectile casinq
compatible with the production rates anticipated in than transmission techniques.
the U.S. Army's Amunition Base Modernization
Program. After demonstrating the feasibility of the

technique in laboratory exper iments, an iin-

Inspection programs currently in use rely gintering prototype which embodies the scatterinq
primarily on radiographic techniques, utilizing technique was fabricated. lhis prototype is
x-ray sources and f i lm radiographs that inspect capable of performinq a complete three dimensiorial
only a limited sample of the entire output of a inspection of the explosive filler charge ii,
qiven production facility. With the development of 105 1mm, M] projectiles.
new, automated production facilities under the
Ammunition Base Modernization Program, the demands Based upon the ftl s( ale operation of the
on nondestructive inspecticn programs are becominq 1(15 min engineering prot(tyipc system, it is pro-
considerably more severe, since they must ensure jected that with some prodlo t improvements requoired
with a high degree of confidence that the high- toR at commodat v larqer pr)ioe( t i l's, several Iin -
volume productiion output is sufficiently free (,f spection modules will inspvor trtivtllry anviuitito
defects. It is recognized that currently employed productiotn on a 100% as is. h ,,i t fit t I t i ,
radio(jraphic methods do not provide a suff ic i ent ly total inspect ion s,'rvi(v, is estal im, ded Ito s ii-
accurate and economical inspection capability for nificant ly less than radiu(Ij aphy (tst'. i,i tr r'. y
automated production of shells, as evidenced by the the (urrent samplinq plan.
Army's current sponsorship of the AIDECS program to
develop an engineering prototype for the automated, COMPTON SCATTERING TECHNIQU_

I re v ie w (f i h ' br , ,I( i iih I Ofr i t i ,,s

Work ispportd tly 1.'. Army Material-
, & Merhanics physics and it', rilat onuship 1 tf I Ill,, i' -

RFseirrh (enter, Watertown, Massa(his it t , undir je(ti Iv inspect ir i ' p ,,,r nt, I. , ,. 1i ,'. ,
(rnntract I1AAC-li-C-0oo9. fellnwed y i ht i,.f uh.'. r ipt),, ,i I in if. Ivi it



model used as an aid in making .esign tradeoff inspection volume element. The introduction of a
decisions. void into the volume element means reduction in

the amount of material available to scatter gamma
This photon scattering inspection technique rays, and consequently results in a decrease in the

is based upon tne fact that sufficiently energetic detector response. On the other hand, the presence
gamma radiation interacts with the material in its a higher density inclusion causes an increase in
path by scattering a portion of the incident beam. the detector response.
This interaction, known as Compton scattering, is
the dominant mode of interaction between gamma rays The photon scattering technique collects this
and tavget materials for gama-ray energies between scattered radiation over a very large solid angle
approximately 200 keV and several MeV. In this through the use of a large scintillator which views
interaction mode, part of the energy of the gamma the projectile through a "focusing' collimator.
ray is transferred to a target electron during a This is analogous to integrating the output of
collision. Conservation laws require that the several detectors, each monitoring the scattered
photon be deflected in a particular direction as a radiation at a different angle about the incident
result of the collision. A small loss of energy is beam. The focusing collimator allows only radi-
associated with a small angular deflection; while ation from a small segment of the incident beam to
larqer energy losses occur at larger deflection reach the scintillator; radiation scattered from
angles. The maximum energy loss occurs when other regions of the incident beam is blocked by
photons are scattered 180 degrees, directly back the focusing collimator. The geometric design of
into the incident beam. The probability for a the focusing collimator defines the inspection
gamma ray to be scattered through a particular aperture, or one dimension of the inspection volume
angle is a clearly defined function of the incident element. The other two dimensions of the in-
beam energy and the angle. Also, for gaima-ray spection volume are formed by the collimation
energies in excess of about 100 keV the number of control of the incident beam.
scattered photons is independent of the material
composition and depends almost wholly on the If the inspection volume element is selected
electron density of the scattering target. In sufficiently small so as to represent only a small
other words, the number of scattering events from a fraction of the entire shell volume, the detector
unit volume in the target depends almost entirely response becomes highly localized, and con-
upon target density (number of electrons per'unit sequently, is less subject to interference from
volume) in the volume element, signals from the rest of the shell. It also
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Fig. 1. Basic Compton Scattering Configuration

A selected portion of the scattered radiation becomes highly sensitive to even minute voids if
can be measured by an appropriately collimated the ratio of void and inspection volume falls
radiitinn detector placed at a certain angle to the within a suitable range. Detection of large voids.
incident beam. The detected scattered radiation cracks, porosity, annular rings, piping cavities,
results from Compton interactions in the volume and base separations is accomplished by software
element defined by the intersection of the incident analysis of the defect signals which exhibit
beam and the detector collimator. Figure I themselves throughout several neighboring volume
schematically represents the basic measurement elements.
technique. The volume element from which the
scattered radiation originates appears to the A complete scan of one projectile is a(-
detector like a source of radiation whose intensity complished by rotatinq the shell about its axis,
depends on the amount of material contained in this translating the rotating shell alon(, a line
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parallel to the incident beam, and indexing the which provide leveling and alignment of the other
shell up or down. During a scan these combine into system components. Safety shielding is also
a continuous path covering the entire projectile considered to be part of the main frame. The
volume. At disciete positions along this path alignment between the collimated source beam, the
(-0.2 inch), a number proportional to the amount inspection aperture defined by the focussing col-
of radiation scattered from the inspection volume limator, and the scanning mechanism is attained dnd
is read by the computer from the detector elec- maintained by the lower frame structural co i-
tronics. These data points are stored in a three- ponents. The entire frame rests on a steel base
dimensional data array representing a discrete plate which is leveled on adjustable jacks. The
volume map of the projectile. Subsequent analysis other components are mounted to this plate by a
for variations in the scattering levels for each variety of adjustable fixtures.
volume element indicates statistically meaningful
deviations of material density. These deviations The functions performed by the mechanical
are then quantitatively analyzed to define size, scanner subsystem are (1) grip the projectile,
shape, and orientation of defects. (2) accurately register the projectile so that its

location is always available for use by the
Thus, the photon-scattering gauge is seen to computer, and (3) move the projectile through a

be an inspection device which provides a high- controlled scan pattern such that the fixed
resolution, three-dimensional scan profile of the inspection element travels through all of the
entire explosive charge. It performs a dif- internal shell volume. The mechanical scanner must
ferential measurement which, with an appropriately be capable of supporting and transporting the total
small inspection volume element, not only iden- mass of the projectile in a smooth, rapid scan. It
tifies the presence of discontinuities in the receives position comands from the computer and
explosive (such as voids, cracks, annular rings, provides computer readable, actual projectile
and inclusions), but also provides data about their position signals.
size, three-dimensional location, and orientation.

A storage and beam collimation cask for the
In order to make engineering design tradeoff radioactive sources serv-s the dual role of

decisions, a model of this technique as it applies (1) providing a shielded storage unit which allows
to artillery projectile inspection was developed, personnel to safely work near the inspection
This analytical model contains two distinct parts. system, and (2) collimating the output radiation to
The first part consists of a detailed calculation form a precisely defined gamma-ray tsam. The
of the gamma-ray penetration and scattering process sources are mounted on a transport slide which
within an artillery shell, and the second consists allows for movement from a storage position to an
of an analysis of the viewing characteristics of inspection position. It is required that the
the selected detertor collimator. The spatial storage shielding be sufficient to reduce the
distribution of multiply scattered gamma rays is a radiation to levels which allow for safe personnel
crucial aspect of the analysis, and this is approach. When the source is iri the inspection
computed using a Monte Carlo technique to track position, personnel are prevented from in-
large numbers of gamma-ray histories throughout the advertently stepping into the radiation zone by
shell. The parameters of this distribution are means of an interlock circuit which will auto-
then used by the collimator analysis code to matically move the source to the storage locition
predict the response to specified defects. The if someone attempts to enter the area. The tmgi-
model has been validated against experimental data neering prototype contains 14,000 curies of Cobalt-
and is currently being used for its intended 60 in the form of three encapsulations similar 'o
purpose*. those used in commercial irradiators.

ENGINEERING DETAILS The detector collimator selectively transmits
gamma radiation from the inspection element to the

A photon scattering inspection system capab. scintillator while blocking radiation scatt, red
of automatically detecting cavitation defects in from other points along the incident beam. he
artillery projectiles consists of six major effectiveness of the detector collimator is
subsystems: dependent upon its geometric configuration. The

optimum geometric configuration is one whi(h
1. Main Frame Structure provides the largest possible solid angl, for

viewing the radiation scattered from the inspection
2. Mechanical Scanner volume element, consistent with efficient

screening out of all other radiation. The detector
3. Source Collimator and Storage Assembly collimator design for the engineering prototype

consists of 16 coaxial lead cones with each having
4. Detector Collimator and Scintillator a 2.25-inch radius hole centered at the cone apex,

for 105 mm projectile insertion. This 16-cone
5. Electronic Data Accumulator and Control assembly as shown in F igure 2, is trimmed so that

System the final outside dimensions are flat surfaces
which mate against the large flat plastic scin-

6. Computers and Display Network tillator front faces.

A discussion of the functional requirements for The scintillator geometry is selected to
each subsystem follows, capture most of the incident gamma radiation. Ihe

scintillator emits visible light photons pro-
The main frame consists of support members portional to the total incident qamma-ray energy.

Details of the model and its validation can be The visible light generated in the scin-
found in IRT Report No. 8188.06 prepared for tillator by scattered gamma rays is collected by a
Contract No. DAAJ1O-79-C-0062, May 21, 1979 network of photomultiplier tubes. The individual
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Fig. 2. Cutaway View of the AIDECS Detector Collimator Assembly Looking From
the Top Down. The 16 Cones Focus to the Black Dot (Focal Point). The Gamma-Ray
Beam Direction Corresponds to the Axes of Symmetry of the Cones.

tubes are balanced so that a particular incident 5. Analyze three-dimensional segment
gamma-ray energy results in specific electronic volumes
charge output. These current pulses are summed by
a current integration circuit which generates an 6. Classify defects
analog voltage. The output is tracked by a sample-
,nd-hold device until an analog-to-digital 7. Perform accept/reject decision
converter outputs a digital number proportional to
the amount of gamma radiation observed in the 8. Provide summary inspection data
scintillator. The computer input to this signal
accumulator controls the timing gates which 9. Display defects
determine the discrete count times for each volume
element. Count periods are controlled by a high 10. Automatic calibration
frequency crystal oscillator circuit. The computer
gates the counting circuit on and off, reads the 11. Perform maintanence and test functions
digital output value, and stores the value along
with the three-dimensional coordinate information A pipeline, serial approach using several slowabout the location of the data point in the speed computers to divide these tasks has beenprojectile volume. This control system consists of applied to the engineering prototype. Appropriatehardware circuits designed to perform these software to accomplish the above tasks has beenfunctions within the designated sampling times. compiled.

The control, analysis, and display functions
performed by the computer network perform the DEFECT DETECTION CAPABILITIES
following tasks:

Several tests for defect detection capa1. Control Mechan.-il Scanner bilities have been performed. Initially data were
taken in a laboratory setup using lucite plastic2. Start and stop counting periods blocks with machined holes to simulate defects.
Later a testbed facility was built around a
500 curie Cobalt-60 source. Automated sranning and3. Read digital element values and data collection were finally added to this testbed.coordinate data Projectiles with inert fillers which contained
machined defects in known locations werp Government4. Store all raw dati supplied for these tests. Figure 3 shows a
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- .representat ive test projectile. These stardar 1"
are now being used to validate the englineerI iin
prototype. In all cases, the data colle, ted de-
that the Compton scattering technique vwac fce3S )[, 1

for detecting cavitat ion defects in H[ proje-ct II(,

I n ear ly June 1979, fatiricatior ,f InJ)
engineeri prototype was completei! i ~ I'll
collection and analysis tasks were initiatedi. oIat,
data obtained for several long cyl inder u-icl vo id,,
positioned in the inert f ilIler art. shown it,

4 Figure 4. These data were taken with the full scale
system using all 64 detectors and au~tomatic. Cat3

Pt t, N * collection. I t represents the tfirst o!,tput, Piter
D! RI I (IN all the functional subsystems were assemlblee irnd

operated together. It must be notte( that the Iatai
shownin Fg. 4does represent dioptiu ,yon e

response for geometry of the defec t~ The ,cai
pattern used dur ing the test was located so 3as to.
provide a maximum defect response in the plana- lot
which the data is displayed. The data3 ?n Vi"'. 4 V.,

raw data which has not been filtered to re I
statistical noise. Automatic operations under f i I1
software control will eliminate 1IL-h Of the sta3-

AN tistical noise by takinq advantage of the fact 11,0'

neighboring data points are correlated by Ic~ tiri
width of the systemr response which extend,, over

R T - 1 wAseveral 
contiguous finite volumre elements.

To illustrate the statistically opt~mz~
response of the system to a defect when the st.-

Fig. 3. Cross-Sectional View of tistical noise is reduced, slow speed scanls 01 te
AIDECS Test Projectile Indicating test projectile have been made. The results of ore
Positions of Various Defects. The of these scans is shown in Figure 5. The ,iqtial,
Coordinate System Used (Lift, Swing, from two 1/16 inch diameter defects (one U~., inch
and Angle) and Beam Direction Are Also long and located 1.D9 inches from the bottomr of the
Shown filler and thle other 0.18i inch long anid 1 ocoit "i

1--* ......... ....... . ................ ...................................... ** *

...................................... ..................... ... ...

. ...... .. . . . . . .
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Fig. 4. Response Functions for 1/8 inch diameter defects, ranginq in lengith Itom 0i.156 lo
0.192 inch at different distances from the bottom of plastic rharcie



2.09 inches from the bottom) are both clearly dis- Future work will include:
cernible. Notice that the system stability aids in
allowing the detection of such signals. 1. Delivery of the engineering prototype

SUMMARY system

This paper has presented details concerning a 2. Design and fabrication of a 155 mm pro-
Compton scattering inspection technique and the duction prototype system
prototype engineering hardware built to provide a
fullscale demonstration of the method. The work is 3. Production prototype testing at an Army
directed toward the inspection of 105 inm artillery load plant
projectiles and provides a means of detecting
cavitation defects. The hardware is automated and 4. The installation of multiple inspection
filmless. Accept/reject signals can be used to systems to provide 100% inspection in a
physically segregrate the detective projectiles, near realtime mode.
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Cn ... . , your stat e ment or, there is a cr e- tc -c r.,

J.eh: .. ,. c- n correspondence is that if there is a defecl
of a " . : c o;int in the shell, there is, first of all, a
re-t(- !, . ! :. . ,., '. tw.-er. the coordinates of the defect arid the locaticr.

of tht t . I i . t . t., shell when the response is obtained. In addit'cn
to that, to-rc is a .r.-to-cr.- correspondence between the type of defect and the
response you gt-t. 'or (-xample, if' yoi have a void, then you have a negative
response. If you have an inclusion, you have a positive response. Now, what we
are measuring is the amount of' material in the inspection volume. So, if you are
trying to, let's say, characterize a long object, then what you want to dc is T,
divide that up into a number of small inspection volumes. And in each insjecti'r
volume you measure the amount of material. No that there is no confusior. Vta-s.
the results and reality. The effect is very localized.

Sam Snow (Union Carbide): I was impressed by the one-minute inspection timE(. "1!.
that's very impressive for this type of measurement, which leads me to my auo-
tion. What type of source?

J. John: The design intensity of the source is about 30,000 curies. The data-taki ,,w
time is 2.3 milliseconds per data point. Now, the assembly that you saw ther, I"
geared for about 50,000 curies. Tne radiation level or; the outside is rn,-terth
of a milli-roentgen. We have to spin the shell at vari,.us speeds, as hi st as
2,000 REM.

Tom Derakacs (TRW : What size defect were you looking, for'.

J. John: In this particular case, it's a collection of things. 7here is at this
stage no absolute, clear connection between the size of defects in the shell
and it's performance. There is a whole lot of experience. The cxperiecne ha- :.,w
beer summarized in the form of a set of specs, and the sfecs are related to
X-rays. So, when you really come down to it, the specifications reQuire that t?{
sum of all the defects in the X-ray add up to a certain amount,in one case
one-sixty-fourth of a square-inch. Now, we have trarslated that into s me di Cfcl
size. And for this particular system, the defect that you're lookini, at Is
60 mils by a quarter of an inch. Very large defects. Very macroscopic. "'
we have done is to lay tiat requirement on cur measurement system. We hav
very large collimator, very large inspection volume. Now, i- principle, wr
look at extremely small defects. We can see one percent variatir, vr-r' I.
And, therefore, you could design you inspection volume such ahat it is at
between ten or twenty times the smallest defect to be detected. ;(, !I. jri ci ],
there is no limit to the size we can get. There's a practical limit, mf ecir-,,
As you decrease the size of the inspection volume, the inspecticn tim, i ( i .

61 0i



STRUCTURAL AND MICROSTRUCTURAL DESIGN IN BRITTLE MATERIALS

A.G. Evans
Materials Science and Mineral Engineering

University of California
Berkeley, CA 94720

ABSTRACT

Structural design with brittle materials requires that the stress level in the component correspond
to a material survival probability that exceeds the minimum survival probability permitted in that
application. This can be achieved by developing failure models that fully account for the probability
of fracture from defects within the material (including considerations of fracture statistics, fracture
mechanics and stress analysis) coupled with non-destructive techniques that determine the size of the
large extreme of critical defects. Approaches for obtaining the requisite information are described in
this paper. The results provide implications for the microstructural design of failure resistant
brittle materials by reducing the size of eleterious defects and enhancing the fracture toughness.

INTRODUCTION procedures, alternate approaches have been sought.
which attempt to effectively truncate the strength

The design of structu I components from distribution at a level above the design stress
brittle solids is, in concept, quite straightfor- (Fig. le). One such approach, involving the char-
ward. It simply requires that the stress level in acterization of fracture initiating defects and of
the component should not exceed the strength of the evolution of failure, is emphasized in the
the material, at the permissable level of survival present paper. Implications for microstructural
probahili -. The implementation of this concept design are included, as they emerge from the
is. however, very involved. It requires the com- general scheme.
bination of information derived from the disci-
plines of fracture statistics, fracture mechanics Fracture in brittle solids usually occurs
and flaw detection (or non-destructive evalua- either by direct extension of a single pre-exist-
tion). The description of the general scientific ent flaw (from the large extreme of the flaw popu-
framework for structural design, utilizing these lation) or by the coalescence of small flaws. The
disciplines, and of the future prospects for this level of stress needed to activate these flaws
class of materials, are the primary intents of the relates to the size of the flaw in a manner that
present paper. depends upon the interactions and the resultant

Strength, flaw size, probability relations are
Ultimately, design might take the form of a described in the first part of the paper, for each

computer simulation of crack growth in real micro- of the prevalent flaw types: inclusions, voids.
structures, coupled with microstructural charac- surface cracks, microcracks. Immediate implica-
terization techniques (such as acoustic scatter- tions for microstructural design derive from these
ing). Presently, however, useful progress is descriptions of strength.
being achieved using a partially decoupled ap-
proach. The evolution of failure from defects and The formation of flaws (especially extrinsic
the crack extension mechanisms are studied separ- flaws such as surface cracks, impact damage, ther-
ately. and merge where possible. This approach mal cracks), and their extension susceptibility.
has influenced the structure of the paper, which depends sensitively upon the fracture toughness of
includes separate considerations of fracture in- the material. The toughness thereby emerges as a
itiating flaws, crack propagation and defect critical structural parameter. The fracture
characteristics. toughness of brittle materials and its dependence

on microstructure is discussed in the second part
The character of the design problem is illus- of the paper. Implications for improved micro-

trated in Fig. la. which plots the probability of structural and structural design, based on tough-
fracture of a ceramic (measured, say, in flexure) ness considerations, are then explored.
as a function of stress level. It might be con-
strued that for design purposes, it is simply The ultimate survival of a brittle structural
necessary to superimpose the permissible level of component at an acceptable survival probability
failure onto this figure. to obtain a maximum al- requires the use of a flaw characterization tech-
lowable stress in the component: and then to de- nique in conjunction with a failure model. Such
sign the component accordingly. The limitations techniques involve the detection and analysis of
of this approach are exposed when it is appreci- waves scattered or absorbed by defects. The most
ated that the fracture probability curve can be versatile and sophisticated mode of flaw char-
substantially perturbed by a wide variety of acterization involves the use of acoustic waves:
phenomena. These include: the incidence of slow either bulk waves or surface waves. The utility
crack growth (Fig. Ib). the occurrence of unde- of acoustic waves for providing the requisite sur-
tected flaw populations in the inevitable region vival information, including the combination of
of extrapolati~n Fig. Ic). and effects of stress the measurement and fracture results to derive
state (Fig. Id). Because of the problems associ- optimum accept/reject decision schemes, is des-
ated with the direct use of statistical design cribed in the third part of the paper.
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Fig. I A schematic illustrating some of the issues that limit the use of a direct statistical
approach for structural design. The diagrams relate the fracture probability 0 to the
strength level S and the sample volume V.

Finally, some prospects for further advance- existence of preexistent microflaws. activated by
ment of our comprehension of the failure process the concentrated stress fields around and within
are discussed. the defects. 1 .2 ,3 However, the character of these

small flaws is not well-defined. It is supposed
FRACTURE INITIATING DEFECTS that the flaws are the small voids (or precip-

itates) that typically occur at grain boundaries
The flaws that ultimately initiate fracture (e.g., at triple points). These flaws are prone

in brittle solids can be conveniently classified to activation at relatively small levels of ap-
as intrinsic or extrinsic. The intrinsic flaws plied stress because of the large residual stres-
are introduced during the fabrication and are pre- ses that can exist at grain boundaries due to
dominantly inclusions or voids. The extrinsic thermal contraction anistropy' (Fig. 2); such
flaws are stress induced cracks, such as the sur- flaws located in high energy boundaries would be
face cracks introduced during machining and the particularly susceptible to microcrack forma-
microcracks that result from large residual stres- tion. Direct evidence of this mode of micro-
ses (e.g. due to thermal contraction anisotropy). cracking has not been obtained, however, and the
Each class of defect will be discussed separately. concept must be treated as phenomenologlcal at

this juncture.
The only available analyses of fracture from

defects that provide a consistent description of The statistical character of the micro-
effects of defect size. type and shape invoke the cracking process can be conveniently posed by
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lost highly stressed boundary contiguous with the
crack tip). For many other problems, the
probability of crack formation averaged over many
grains is more pertinent. For this situation, the

-, average residual stress must be zero. and Eq. (3)
reduces to the simple form;

1 ( 1 - exp - dV (4)

A V

where 13A is the applied stress. m is the shape
parameter =2k). So is the scale parameter (which

-' includes K 1,a and v as well as the coefficient
o' FOUR GI , that refle s an averaging of the normal and shear

stresses over the grain boundaries) and V is the
volume of material. A relation similar to Eq. (4)

4 is also generally assumed to describe nicrocrack
extension, except that So will have a different

-* 5signi ficance.

-Intrinsic Defects

___Voids - The probability of fracture from a void
oLca e ascertained by combining the void stress

E5 ESS .Cf field with the appropriate statistical relation
for extension of microcracks existing in the

Fig. 2 Stresses caused by thermal expansion vicinity of the void. If the microcracks are very

anisotropy. much smaller than the void radius, a direct

statistical analysis using Eq. (4) suffices.1
commencing with the premise that the microflaws For example, when the microcracks predominate at
exhibit an extreme value size distribution that the void surface (Fig. 3), the surface stress
leads to the probabilistic relation;

5 "
' field; "

0a) I - exp[-(A/A )(ao/a)k 1 (1) ot/ A = [3/2(7-5v)][(4-5v) + 5 cos 2u] (5)

where 0(a) is the probability of finding a micro- = [3/2(7-5v)][5v cos 20-1]
flaw larger than a on a grain boundary of area A. A

ao is a scale parameter. k is a shape parameter
and A0 is a normalizing constant. Noting that a can be combined with Eq. (4). and integrated over
flaw will extend under th2 condition that the the tensile portion of the void surface, to
stress intensity factor K reaches thF critical yield;'
value for grain boundary fracture. K then
gives the approximate result;'/. g.b8 2 m

(Kc b
)  

2 2 n [-,] 8r2 A/So) exp[O.52m-l.4]-; 2+ 4 C? (b(

(2--) where r is the void radius. A stronger dependence
on r emerges for volume distributed microflaws.

where a is the total stress (applied plus viz. . . rl
, 

as deduced by Vardar, et al.
1

residual) normal to the houndary and : is the
total in-plane shear stress needed to induce crack When the microcracks are not small. vis-a-vis
extension. Substituting a from Eq. (2) into Eq. the void radius, a stress gradient correction
(I) gives the probability of microcracking as a derived from fracture mechanics solutions must be
function of applied stress ( as; applied." This correction arises because the

stress intensity factor for a flaw located in a
(I )( 4ao )k rapidly varying stress field depends sensitively

Son the exact flaw location and on its size rela-/ 0 tive to the gradient. The effect is especially
22 2 1 2)k ( manifest for surface located microcracks. which

('''.. R'' - , 4 R) (3) are subject to the following approximate peak

f c ---- ---)-- -------- dAl stress intensity factor;'

2oA
It should be noted that, since the residual stres- K = - A-)
SeS and the toughness are variables, the micro- Vn[l+3 (U.2+alr)]
crack probability associated with a specific boun-

dary is not uniquely related to the applied This relation for K can be used to obtain an
stress; rather. a distribution of probabilities effective stress ';eff, that replaces the applied
generally exists. This effect allows the origina- stress in Eq. (16). given by;
tion of a crack tip microcrack zone (i.e.. micro-
,-racks do not necessarily initiate first at the
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o o A 0.3 + 0.7 (I + x/2)2]1-1 (8) the inclusion has a larger tougnness than theeff 'A I 0matrix (an unusual occurrence) fracture initiates

2 within the matrix, usually from microflaws located
where a = 1/r (Kc/oA) . Typical void size, within (or adjacent to) the interface. The proc-
strength relations at constant probability, pre- ess then resembles the void fracture problem.
dicted by this analysis, are plotted in Fig. 3. However, one additional distinction must be intro-

duced. When the bulk modulus of the inclusion
exceeds that of the matrix. the tensile stresses
(in a direction suitable for continued extension
of the crack due to the applied stress) are con-
fined to a relatively small zone near the poles of
the inclusion (Fig. 4). The fracture probability
can then be anticipated to be relatively small, as

--1vo exemplified by the high survival probability for
MICROCRACKS WC inclusions in silicon nitride. Alternatively,

when the modulus of the inclusion is smaller than
that for the matrix, the maximum tensile stresses

z occur near the equatorial plane. The fracture
condition is then comparable to that for a void.
modified by a stress coefficient , that depends on
the modulus ratio;

2m 2[( ./1'ln-](t-2) r4+3. 1
tCf-7J 47m+3,i

where , is the bulk modulus and , is the shear
modulus. This case is expected to be an important

LOG (RELATIVE VOID RADIUS /ro) one in ceramics, because the inclusions are often

porous' (following high temperature mass transport
Fig. 3 A schematic illustrating flaws dis- driven by thermal contraction anisotropy) and

tributed at the void surface, and the hence, of low effective modulus.
fracture strength, void size relation
derived at constant probability. Most inclusions typically encountered in

brittle matrices are of low toughness, because
The basic pertinence of the statistical ap- they are usually the friable product of chemical

proach for describing strength in the presence of reaction with the matrix (Fig. b). If such an in-
voids, has been substantiated for voids in silicon clusion also has a relatively high modulus (ap-
nitride3 and in PZT.' A detailed statistical ana- proaching that of the matrix), the inclusion can
lysis was conducted for the experiments performed fracture sub-critically to create a crack of di-
on silicon nitride. This analysis revealed a max- mensions comparable to the cross-section of the
imum likelihood estimate of the void radius depen- inclusion. The ultimate fracture strength is then
dence of 2.1 and demonstrated that the coeffi- dictated by the usual fracture mechanics relation
cients m and SO were independent of the void ra- for an internal crack'
dius, with maximum likelihood estimates of in = 4.6
and So = 106 MPa. 4

z(a/c)K a F(.n/i') (lu)
Inclusions - Several modes of failure have been C i

assoc-iated with the presence of inclusions. The
first distinguishing feature is the tendency for where a and c are the dimensions of the crdck,
cracking due to thermal contraction mismatch"'

0
', KM is the effective toughness of the matriK phasec

(Fig. 4). If the thermal expansion coefficient of neighboring the defect and 1 is an exponent (U.1)
the inclusion is appreciably lower than that for that depends on the modulus ratio. This type of
the matrix, radial matrix cracks can initiate when defect is the most deleterious of the high ex-
the defect exceeds a critical size. This situ- pansion defects (Fig. 4). Defects in this cate-
ation can produce severe strength degradation. gory are exemplified by Si inclusions in Si 4
This is. however, an unusual condition for struc- (Fig. 5). When the modulus of the defect becomes
tural brittle materials, which must have an very small. because of extensive porosity (lig.
intrinsically low thermal expansion coefficient in 6). the stresses do not attain a sufficient level
order to resist thermal shock. Alternately, if to induce defect fracture (despite their friahil-
the expansion coefficient of the inclusion exceeds ity); the situation is then identical to that of
that of the matrix, several possibilities can low modulus, high toughness/inclusions. Iiowev.r.
result. Highly contracting, high modulus inclu- an intermediate condition is also possible, where-
sions will tend to detach from the matrix, tending in fracture can initiate within the defect and
to produce a defect comparable in character to a then propagate directly into the matrix to am(.
void. Inclusions that are more compliant or ex- Lumplete failure. In this situation, fracture is
hibit smaller relative contractions, remain at- dictated by the probability of activating micro-
tached to the matrix. Thereupon, several modes of flaws within the inclusion, and the fracturv pruh-
failure are possible, as exemplified by the re- ability becomes;
sults for several types of inclusion in silicon
nitride'm (Fig. 5). The expected failure mode de-/m, \
pends upon the elastic modulus and fracture tough- t I - exp -vi  ' (IIl
ness of the inclusion. vis-a-vis the matrix. When o
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Fig. 4 A schematic indicating the various cracking responses that can occur in the presence
of inclusions.

inclusions.3 This is a plausible situation con-
sidering the potential for a transition. with
decrease in size, from inclusion initiated frac-

______________ 'A__ C ture (volume dependent) to matrix fracture (area
dependent).

,N S

SURFACE 
VARO.'L

CRACK

C 200 400 600 SOO
DOMINANT DEFECT DIMENSION ( ml

Fig. 5 Strength, size relations for various 4 j
fracture initiating defects in silicon
nitride.

where p0 is the scale parameter. Yis the shape
parameter, and Vi is the inclusion volume.
Fracture results obtained for iron silicide
inclusions in silicon nitride satisfy a joint
fracture relation involving a combination of the Fig. 6 A scanning electron micrograph of an
critical defect fracture model (Eq. 11) and the iron silicide inclusion in silicon
matrix fracture model pertinent to low fmodulus nitride.



Extrinsic Defects

Extrinsic defects are usually cracks produced
by large transient or localized stress states.
The most common sources of extrinsic defects are( - GRINDING
surface cracks produced by machining.

14  PARTICLE

impact'
5 

or thermal shock. The machining induced
cracks are the most prevalent (and comparable in
character to the cracks introduced by projectile -PLASTIC
impact.'

5  
The evolution of the cracks, and their GROOVE

resultant influence on strength, is analagous to
the cracking that occurs during indentatlonib '---

(Fig. 7). The ultimate dimensions of the cracks
are dictated by the residual indentation field, as 1.- S ZONE
controlled by the hardness. H, toughness, K. and - ZON

modulus. E. of the material. A specific reiation a
recently derived for the strength controlling E NCRK
radial cracks is; 

I b  NEDIAN CRACK

a
3 / 2  

2.10- (cot 213)(E/H)
21
3Kc-IP N  (12)

Fig. 7 The median cracking that accompanies

the grinding of ceramic surfaces

where is the included angle of the grinding

particle and PN is the normal force applied to the where F(') is the function, plotted in Fig. 8.
particle. The term E/H arises because fracture is that describes the variation in K around the crack
a residual stress dominated process."' The radial periphery. Extension to the mixed mode fracture
cracks are usually semi-circular, because of the of inclined cracks appears to be adequately
symmetry of the residual field. described, over an appreciable angular range, by

the simple coplanar strain energy release rate
The extension of the surface cracks intro- criterion.'

6  
However, the effective stress that

duced by grinding is explicable using standard produces crack extension can include a significant
fracture mechanics relations for mode I,

13  
residual component; particularly in coarse grind-

2 ing situations, where the plastic zone is not re-
K F(O) aVo (13) moved by subsequent fine grinding. Consequently.

the applied stress at fracture can exhibit both

I I

SURFACE

/ K

'CRACK FRONT

1.

1.CI I I I I

0 0.2 0.4 0.6 0.8 1.0

20/,

Fiq. H The variation of the stress intensity fator with ppripheral lo(ation for a semi-circular

surface crack.

24



systematic and random variations from that effective toughness K f varies from its single
anticipated by direct application of Eq. (13) crystal value K at a. e (where d is the grain di-
(with the peak stress intensity factor K equated ameter) to the macroscopic value at atd. where o
to K ). Available test results suggest a prob- is the approximate range 5-100 (depending upon the
abilty of fracture given by the normal distribu- nature of the crack/microstructure interaction),
tion

19  
as depicted in Fig. 9. The significance of this

variation is illustrated by considering that the

p _- (14) effective toughness varies as;
24

' v' v I' c- K
Ke c K K (16)

where o, is the predicted strength obtained from eff s +
Eq. (13);

where w is a constant (M5). The crack extension
Kc  /j stress for a circular crack then becomes;

= c [ (15) f=- -- -1
1

2 K + (K C K (1 )
F(O) Vi 2 (Kc-Ks)

F(O) corresponds to the value at K, v is the vari-
ance in o, 6 is a systematic error coefficient which can be rearranged into dimensionless groups
and a is a parameter related to the mean strength. to give;

ticrostructural Design /r \/~ + 1

Several direct implications for microstruc- ) 712-K
tural design emerge from the fracture models. A
reduction in the size of the large extreme of where a/d andK = (Kc-K /Kc )/ Typical stress
voids and inclusions is the most obvious. Inclu- variations are plotted in Fig. Ia. For .>8. the
sions derive from several different sources. usu- curve shows a maximum. This maximum will control
ally in connection with the powder preparation and the fracture strength of if the initial crack is
compaction stages of fabrication. The Implemen- in a range that yields an initial crack extension

tation of more stringent powder handling controls stress less than the maximum, as depicted in
(both chemical and size distribution) provides Fig. 1Ob. Differentiating Eq. (18). and setting
direct benefits. Voids are more difficult to to zero to obtain the maximum, yields a critical
minimize. Large voids form due to coarsening crack length at fracture (,>8), giv n by;

phenomena (driven by surface diffusion or evapor-
atIon/condensation) that can occur concurrent with 1/2
densification. Their existence can be minimized [-2..-8 .) (19)
by avoiding domination of the mass transport by c 2-C4-7---
surface diffusion control or evaporation conden- which reduces for large K to c -1 i.e., e d.
satlon control: as ascertained by reference to The fracture stress is thus given (for large
initial stage sintering maps for the material and by;
the sintering environment.

2
0

K

The formation of extrinsic cracks is de- - - (20)
termined by those microstructural parameters that f

Influence the toughness and hardness, as indicated
by Eq. (12). The relevant issues are described in
the following section.

THE FRACTURE TOUGHNESS

Inspection of the above relations for the
fracture probabilities from both intrinsic and
extrinslc defects indicates that the fracture
toughness of the matrix is usually a strength con-
trolling parameter. It is essential, therefore.
that the pertinent toughness be understood and,
where possible, optimized. For this purpose, it
is convenient to introduce the concept of micro-
toughness and its relation to the macrotoughness '" "
of a material. This concept is necessary because, FJNC'ICIN

the ultimate fracture of brittle materials (espe-
cially those with coarse microstructures) can
occur at crack lengths which are sufficiently
small. vis-a-vis the important microstructural
dimensions, that the macrotoughness of the ma-
terial Is not directly pertinent to the fracture
problem.

2 
2

'  
The variation of toughness with , - ._,

crack length is still rather ill-defined, because

of the difficulties associated both with the con- C
duct of critical experimer'; and the development
of theoretical solutions. the only unequivocal Hig. 9 A typical variation in toughness with
statement currently permissable is that the relative crack length for small cralcks.



useful insights pertinent to microstructural
design. and will be presented in some detail.

Microstructural Design

e2e Two important opechaniss of toughening have
been subject to recent analysis:2

5
'
2  

toughening
induced by martensitic transformations and by

b 20 microcracking. Both processes involve a zone of
dilation and induced around the crack tip. which
results in a reduced crack tip tension and hence.

3an increase in toughness. Also. it is self-
evident that the closer the system is to trans-
formation (or microcracking) in the absence of

I f- stress, the larger will be the process zone size
and hence, the larger the toughness. However. in

05- o d detail, the processes are quite different.

1o" 1o- 1 io
ca (/w) A toughening can be induced in brittle mater-

ials if particles are introduced that undergo a
Fig. 10a The variation in the normalized diffusionless transformation.,s

2
b

29 
induced by a

crack extension stress with stress field of combined shear and hydrostatic
relation given in Fig9. tension. Typical examples are ZrO 2. Hft)2 . BaTiU 3and BN. A prerequisite for the toughening is that

the particles be incorporated in a relatively
stiff elastic matrix. This constrains the trans-
formation strain and thus. permits the thermally
induced transformation to be considerably sup-
pressed below Ms . Then, activation by an applied
stress becomes viable.

Estimation of the conditions required for
A,, A-RGE , toughening can be obtained by examining the free

energy of the total system, before and after
transformation. Toughening will be permissible

SMA. KC K if. as noted above, an applied hydrostatic tension

and shear are needed to yield an incremental
energy decrease due to transformation. The total

I Imechanical energy change of the systeW following
oo transformationAunder applieu stress p (dila-

tional) and 'pij (deviatoric) is;"
'  

.11

Fig. 10b A schematic indicating the growth of
cracks for large K -K up to the frac- AU - V (pA+p1/2)
ture stress nf, A io Voccurs unstably p
while B to C corresponds to stable growth. T (21)+ ,e.v (,.. A p +, (

The interesting result thus emerges that the iJ p Pij Pij/?)I
strength is inversely proportional to dl// while eT and e are the dilational .ind dev j-st~ength ISivrey (vii
(regardless of the function selected for Kfj); a toric trdnsformA ion strains; pl. PI -ire ttl.
behavior typical of coarse grained ceramics , stresses within the inclusion after ti ansform

-

for which the pre-existent cracks are in the ation, given (for d spherical particle) by,
microcrack range. Catastrophic crack extension is
also noted to occur when K f ' K. The concept T T
of toughness is thus often a nehu5ous one for p e
coarse grained materials; and the conventional use m 172.1/2m + pp-2 p Lp
of toughness should be confined to materials with W;2)
fine microstructures (for which strength does not T Ce .

relate systematically to grain size). P I2-cr+ m(4- m; m m

p p II m tm
The development of theoretical relations

between the intrinsic toughness of brittle mater- Iy considering the total fre' energy of the system
lals. microstructure and crack length is presently following transformation,
at a very elementary level, primarily because
crack extension is a complex three-dimensional !F AU 'S - AF (23)
problem. Reliance on toughness

, 
levels for con- 0

relating strength results wjt defect dimensions
(through the fracture models) must presently be where %',F0 is the difference in chemical fret, en-
placed on measured values. obtained on single ergy. per unit volume, between the two crystal
crystals and polycrystals. However. a more ad- structures and cS is the difference, in surface
vanced romprehension of extrinsic toughening has energy), the critical transformation stresses
recently emerged. This comprehension provides P • '. i ), can be deduced by permittinq J to

L .... .. ......... ...... ... ....



r

incrementally decrease; this assumes that the
thermodynamic driving force is a sufficient Es Sire, on nyeionio,.c

condition for transformation (I.e.. appropriate iitofeii Sii
nuclei pre-exist within the particles). Neglect- ---.
ing the difference in surface energy, since this a ,
is presumed to be small (at least, for incoherent z.-,,
particles), the critical applied stress for trans-

formation, under unlaxial tension OA (PA =A/3;
P °/2) becomes P. \ - - - -

rasfo ti n '-" ""Pijtn A7 0- , '" __ ,

A [2+2] 1 -. 1 L

(C /2)(7-5v N ,
Ml ;- TT_ T-TIWTff _51 __ Td T, o,,....s..

p m m m ~/

- SFo/E (eT )2 (24)
0 p Fig. 1t Calculated transfqrmation zones around

eT /e crack tips in brittle materials.where e1 .e/e
T" 

and I Ep/Em . As a firstap

proximation. onditions which yield a positive oA
are likely to result in transformation toughening.

This approach can be tentatively extended to
examine transformation zones around crack tipk. by 12-
inserting the crack tip field relations for p
and Pi into Eq. (21). This approach can only be
regarde as highly approximate because significant NCR EAS ' IN

effects are neglected; namely, stress gradient ef- SOLUTE CONCENTRATiON

fects. particle interactions, crack surface relax- 8-
ations and reverse transformations. Nevertheless.
some useful insights are provided. The relation 0

for the transformation zone radius rc at small
particle volume fractions (for v = V I 0.2)
S22 h 

_ _

rc(e E 4.1 - - -- - - - -
Kc \ R -l / -_ (25) TOUGHESS

Fig. I? A schematic illustrating trends in
Some typical zones are plotted in Fig. 11. The martensitic toughening with temper-
transformation zone radius can subsequently be ature and chemical composition.
used to estimate the toughening increment

2 coupled with toughness measurements. Addition-

T  Vf(1+i)[I'(I-Vf)*VffIO.34O±] ally. the role of twinning, particularly its ef-
------ T (26) fect on the shear component of the strain energy.

[i'(1+. )-3.b(sv)AF 0 /E p(e ) I requires clarification:. again using electron
microscope techniques.

where Vf is the volume fraction of particles. The

central role of the chemical free energy in the Microcracking
resulting toughening signifies strong effects of
temperature and of chemical composition:

1
I the Stable microcracking is presumed to occur in

toughness decreasing as the temperature increases materials that contain stresses (e.g.. due to
(Fig. 12). The evident merits of an intrinsically thermal contraction mismatcn or transformation).
high toughness host"' (fo ) and of a large volume which also have a sufficiently coarse microstruc-
fraction of particles"' also emerge. ture.'"I The induction of stable microcracks

within a crack tip process zone (Fig. 13) can be
Further developments which take specific described through probabilistic microcrack formu-

account of interaction effects and of the particle lations (such as Eq. 3) superimposed on the crack
orientation can be envisaged using computer tPch- tip field equations.'' However, computer tech-
niques, analogous to those recently employed for niques are needed to take proper account uf the
microcrackin 1 (see following section). Research strong interaction of the microcracks with the
on the influence of chemical composition on AF0  primary crack. Such an approach has recently been
(and hence, on I) is also needed- probably in- reported by Hoagland and EImury," using a Green's
volving composition probes within particles, using function devised by Hirth. et al.- One important
the scanning transmission electron microscope, result of this analysis is the realization that

F 2 7



AS 4rp 2 
int (27b)

ZONE
- where r Is the particle radiu), eT is the thermal

Sm1 contraction mismatch strain (e = .AT) and YInt
\ is the fracture surface energy for particle m cro-

fracture. Note that. in the present approxima-
tion. a particle which contracts away from the
matrix is necessary, in order that the strain

\-MIC#ACRACK energy of the system can be increased by the crack
tip (tensile) stress field. Microfracture will

- SC9E-E . then proceed, according to the present criterioR.
NEAR CRACK T when AU > AS; while toughening can occur when p

in Eq. (27) is positive (the particles must be
e-.NEAR ELASTIC intact prior to stress application). Inserting

the hydrostatic component of the crack tip stress
I \ \, field.

ZONE aCONOARY A - _2K(1+v)costj/2 (28)

- WT4 MICROCRACKING

I "-. the transformation zone size and shape r (0) can
be approximately deduced. For the condition. v

015TANCE FROM CRACK 0.2. substitution of Eq. (28) into Eq. (27) gives;

Fig. 13 A microcrack process zone induced in r J ( K )2 Cos2(0/2)(1+2 (2)

materials with large local residual stresses. \Eme/ [3.6.2(1+6)-1)
indicating that microcrack densities and the
resultant crack tip stress field, where it = yi/r E (eT) 2 . The zone size can be

converted in1 aptoughening increment from the
the process zone size is not apreciably affected residual free energy in the transformation zone
by crack interaction effects.2  However, little
has yet been done to explore the influence of the
various microcrack parameters on the fracture r T = [IS-AUo]rc(G)Vf/(4/3)nr p (30)
toughness.

Conceptually it is useful to consider the where Vf is the volume fraction of particles. AU
microcrack process zone as a dilatant. compliant is the strain energy in the absence of an applies
zone that inevitably must yield a reduction of the stress and U - v/2. Combining Eqs. (27), (29) and
tensile stress at the primary crack tip 23  (30). the toughening increment becomes;
(Fig. 13). The effect is typified by solutions
for a crack entering a low modulus inclusion.) rT n

One microcrack toughening situation that can o
be addressed more positively is the toughening in
the presence of second phase particles. A typical where
condition would be the incorporation of small par-
ticles that exhibit a larger thermal contraction 3Vf(1+r,)
coefficient than the host. It has previously been -
established'' that particle microcracking. in this
situation, can be reasonably well described by
requiring that the strain energy In the particle The maximum toughening clearly occurs when 3 in t
exceed the surface energy needed to create a r Em(eT)T. The particle size and the mismatch
circumferential crack (a surprising result that sirain exert an influence through the t1 term in
has, nevertheless, been recently substantiated by the denominator. in the sense that r T increases as
numerical strain energy release rate calcula- the particle size or the mismatch strain increase.
tions). 36 Hence. a thermodynamic calculation, provided that r is below the critical value for
analagous to that conducted for martensitic tough- spontaneous (stress free) microcracking. These
ening should provide an approximate estimate of results provide useful perspectives for designing
the process zone size and hence, of the toughen- optimally tough ceramic systems, based on con-
ing. The merits of the zone size calculations are trolled microcracking.
reinforced by the Hoagland and Embury2l result
(noted above) that Interaction effects are of NON-DESTRUCTIVE DEFECT CHARACTERIZATION
secondary importance. The basic ingredients of
the calculation are the strain energy"/ Accep/Reect Criteria

3 T  pA+ eTE Accept/reject decisions based on a non-
t /)r T A 4T+7 7-{TI- J (27a) destructive measurement of scattering from adefect must recognize the probabilistic character

of the problem.' At least three probabilities
and the surface energy; enter the analysis: the failure prohability.



given the defect dimensions (discussed above) where OA is the level of the applied tension in
O(ola)da; the joint probability of identifying the volume element containing the defect. The
the defect type and of estimating its size, inspection level a* refers to the estimated de-
f(aes(a)da ; the a priori distribution of defect fect dimension(s) selected for the rejection or
sizes, fla~da. These probabilities are combined acceptance of the component, e.g., all comp)ne-t5
and integrated to various inspection levels, a* , with an estimated maximum diinensioi less than
to obtain two interrelated probabilities: the es  a* are accepted and all components with an estie
false-accept probability A and the false-reject maied dimension greater than a* are rejected. The
probability, PR (Fig. 14a): false-accept probability A iseihus the probabmi-

ity that components accepted in accord with the
a3es specified inspection level will contain defe~t

A aes more severe than indicated by the estimate, and
5
A J . f f (32) will actually fail in service (i.e.. related to

oJ o J o the failure probability). This probahilit dc
creases, of course, as the inspe(tion level ,L-

,c 1 I 1creases (Fig. 14b). ]ie talse-reject probability
Ia) P d (aesla)daes ;(ada ; R is the (related) probability that rejectedf coM-

es I I ponents would, in fact, have performed satista(-

torily in service, because the defect severity has
been overestimated by the selected inspection

f. f level. This probability increases as a* de-
a es creases (Fig. 14b). However. it is crucial to

recognize that these probabilities are interre-
I( I i la) I(asla(dae P(a)da lated, i.e., they merely represent different

11 esa esl ranges of integration of the same combination of
probability functions (Eq. 321. This initrdepend-
ence is exemplified in Fig. 14a. which is a typi-
cal plot relating the false-accept and false-
reject probabilities: once one of these probabil-
ities has been selected, the other probability, as

--- -- well as the associated inspection level, are nec-
S .essarilx defined. It is now apparent from Fig. 14a

/ that the inspection technique, or combination of
A techniques, that would be preferred is that which

yields a curve as close as possible to the proba-
7 bility axes. For example, technique B is prefer-

S" "red over technique A. because the rejection of
satisfactory components required to satisfy the
failure probability requirements is mcch lower.
Such curves thus represent a quantitative method
for characterizing the failure prediction capabi-
lities of various inspection techniques, for a
given material and service condition.

Scrutiny of the available inspection methods
: ISNL-: ,' pertinent to ceramics indicates that acoustic

methods are preferred, because acoustic waves are
appreciably scattered by all of the critical de-Fig. 14a False-accept, false-reject curves fect types encountered in structural ceramics.

for two hypothetical measurement The most promising measurement algorithms and
techniques. A and B. their future potential are thus briefly reviewed.

1 ',E> : ,E A

IOBAB, L :
FALSE :?EtE- tt-cN OBAs:L:'

Fiq. 14b The variation. of failure probability and relettion pro{tbilt' with in,,petion Ivvel

CJ



Acoustic 'easurenent Algorithms oped. The most critical issue, therefore, con-
cerns the appropriate choice of algorithms to ob-

Surface Waves - The most directly successful tain the most reliable defect characterization A
method is the use of surface acoustic waves to typical set of algorithms and their interaction
predict failure from surface cracks; in particu- are illustrated in Table II, using low and high
lar, the use of long wavelength, X>a, surface frequency information as well as acoustic micros-
waves.

31
'
39  

In the long wavelength limit, the copy. This set has not yet been fully evaluated,
scattering of an acoustic wave (stress wave) by a so many redundancies may exist. Four algorithms
crack is closely analogous to the interaction of are employed in this scheme: M1) long wave length
the crack with an applied stress field. In par- scatteringi

' 
(ii) intermediate wavelength Born

ticular. both the scattering coefficient S and approximation. (iii) high frequency spectros-
the strain energy release rateli'are related to copy .. and (iv) cross sectional information from
the crack surface integral;

3
8 acoustic microscopy. The impulse response func-

tions (Fig. 15) are firstly used to determine
whether the defect is a void or an inclusion; theJ a.Au'nidA void has an impulse response function (Fig. 15a)

A i characteristic of the transducer, while inclusions
s have more compl-,x functions (Fig. 15o). There-

where i. is the stress across the crack plane in after, voids can be analyzed straightforwardly,
the absence of the crack. Au'j is the displacement using a variety of algorithms. For example, a
of the crack surfaces and As is the crack surface long wavelength algorithm similar to that de-

area. Hence, it is straightforward to demonstrate scribed for surface cracks may be employed. In

that the scattering coefficient is directly the long wavelength limit the scattered amplitume

related to the crack extension stress oc by;
3 9  is related to the void volume V by;'l

K2 1/6 = V 1 + 10(1-2) 124
[ 6(1-,), Sw ] 

A ii - +- - 5"

z where is the frequency and c is the elastic wave

where w is the beam width, i is the transducer speed in the host. Inclusions are more difficult

efficiency and f - 0.4. This result is strictly to analyze; the combined use of several algorithms

correct when both the acoustic wave and the is almost certainly required. For nearly spheri-

applied stress are normal to the crack plane, as cal inclusions, the interpretation is relatively

exemplified by recent results
i9 

summarized in straightforward. For example, a combination of

Table I. However, since the coplanar.-jcriterion the long wavelength algorithm (which contains

also appears to affort a reasonably satisfactory CoupleO volume and type information) and the Born

description of surface crack extension in approximation (which provides-an independent esti-

ceramics.
1 H  

at least over the angular range of mate of the distance from the geometric center to

interest, the approach appears to be of general the back face of the inclusion) can yield the

applicability. Surface waves also have the requisite size and type information. A typical

advantage that they propagate over curved result, obtained for a 100 ,m radius Si inclusion

surfaces, so that complex shapes can be readily in Si N , is illustrated in Fig. lb. wherein the
probed. joint probability of the defect type and size is

plotted as a function of the estimated size. In
Table I oroer to obtain this result. six possible inclu-

sion types were permitted to exist within the

Comparison of Measured Surface Crack Sizes naterial (selected on the basis of detailed fail-

With These Predicted Using Long Wavelength ure analyses conducted on this material). Alter-

Surface Acoustic Waves natively, high frequency measuremnents displayed in
the frequency domain would provide close estimates

OF Acoustic 
0
3F of the defect size and type.

Sample Actual a *,m Acoustic lJTIJR PROSPECTS
MPa MPa --T ---- ------

k-: -3-3-.4S -6 3-50 -- 33 It is hoped that this paper conveys thek 365 56 361 0.54 impression that a poc.itive start has been madf, in
establishing the scientific framework for micro-

10kg: 1 298.b b 320 6.72 structural design with brittle materials. Certain
2 2/5.4 66 322.7 14.6 rewarding research directions have emerged and

2Okg: 1 159.22 2/4 15R.4 0.52 several exciting near term, and more remote, pros-

2 1/9.13 ?62 159.7 12.17 pects seem viable.
I 18 255i Ib4.2 15. l Further studies aimed at characterizing

models of fracture from defects are very perti-
!ulk 4aves - The characterization of bulk defects nent. The incisive combination of inputs frum
fs more complex. Information over a wide ranqe of mechanirs. materials and statitics demonstrated
frequencies appears to he needed to obtain a high- on the limited set of problems addressed thus far
ly probable defect type classification and hence, should provide some direction and scope for
a size estimation. Appropriate technique's are continued activity. Important defects not yet
availahlo including: the scanning laser acoustic considered include: void clusters, sub-surface
microscopP,' ?(X. MHz InO transducers' and con- inclusions, surface crack arrays. Progress tOward
ventional (2-50 "Hz) transducers. Rapid scanning the comprehension of fracture from these defects
nmthods for defect locatiomn hav, ilso been devel- could utilize existing (or marginally extended)

K"11



~0 .

I.0

1.11
1 .2[,,

3 2 1 0 1 2 5 6 ~' e ' o 1.?1 13
c,.1*'3 --

Fig. 15a Impulse response functions f-or def,?,;ts
in ceramics, a void in Si 3N .

1.-

I .0'-

0 G

3 1 2 3 ' t 0 1 1 13
,j-

fl .o

a .l

I .IIfi 1 3 4 ' CIS Ii1i i



REFERENCES

1. 0. Vardar. 1. Finnie, D.R. Biswas and R.M.
Fulrath. Int'l J. Frac. 13, 218 (1917).

2. A.G. Evans, D.R. Biswas and R.M. Fulrath, J.
Amer. Ceram. Soc. 62, 101 (1979).

3. A.G. Evans. G. Meyer. K. Fertig. B.I. Davis

and H.R. Baumgartner, J. of Non-Destructive

BN Evaluation, in press.
4. A.G. Evans. Acta Met. -26. 1845 (1978).

C 5. A.M. Freudenthal, Frac-ture (Ed. H. Liebowitz)

2. Academic Press, N.Y., 592 (1969).
6. A.G. Evans, B.R. Tittinann, L. Ahlberg, G.S.

Kino, and B.T. Khuri-Yakub, J. Appl. Phys.
49. 2669 (1978).

50 .00 7. . Batdorf and H.L. Heinish. J. Amer. Ceram.
DEFECT RADIUS (,in) Soc. 61, 355 (1978).

8. A.G. Ev-ans, J. Amer. Ceram. Soc. 61 302
(1978).

9. S. Timoshenko and J.M. Goodier, Theory of
Fig. 16 The joint probability of detect type Elasticity, McGraw Hill, N.Y. (1951).

and size deduced from a coupled long 10. A.G. Evans. J. Mater. Sci. 9. 1145 (1974).
wavelength, Born approKimation 11. R.W. Davidge, and T.J. Green, J. Mater. Sci.
algorithm. 9, 629 (1968).

12. H-.R. Baumgartner and D. Richerson, Fracture
stress analyses coupled with advanced statistical Mechanics of Ceramics (Ed. R.C. Bradt, D.P.H.
nethods and fracture mechanics solutions. Hasselman and F.F. Lange) 1. 369 (1974).

13. G.C. Sih, Handbook of Stress Intensity
A very preliminary comprehension of tough- Factors, Lehigh Univ. Press (1973).

ening mechanisms has evolved from simplified
thernodynanic analyses and computer simulations. 14. M.V. Swain, Fracture Mechanics of Ceramics,

Considerable advances could be anticipated through ibid, 3, 257 (1978).

the coupled use of analytic and computer methods. 15. A.G. Evans. M.E. Gulden and M. Rosenblatt,

These would include stress (or strain) based Proc. Roy. Soc. A361, 343 (1978).

transformation or microcracking criteria, statis- 16. B.R. Lawn, A.G. ETvans and D.B. Marshall, J.

tically distributed in accord with distribution Amer. Ceram. Soc.. in p'ess.

functions inferred from critical experiments 17. ).6. Marshall and B.R. Lawn, J. Mater. Sci.,

(e.g.. acoustic emission amplitude distribu- in press.
tions). Monte Carlo methods could then be used to 13. J.J. Petrovic and M.G. Mendiratta, J. Amer.

study the evolution of process zone s, with inter- Ceram. Soc. 59, 163 (1976).

action effects accounted for using image stress 19. B.T. Khuri-Yak-ub. J. Tien, G.S. Kino and A.G.

solutions. Evans, J. Amer. Ceram. ?oc., to be published.

20. M.P. Ashby. Acta Met. 22, 275 (1974).

Mor immediate advances can be anticipated in 21. R.W. Rice, Fracture Mechanics of Ceramics.

ultrasonic flaw characterization. A comprehensive ibid. 1, 323 (1974).
set of inversion algorithms already ,mxist. and 1i- 22. R.W. Rice, Treatise on Materials Science and

itial results imply that good e tiinatec )t d,,f.t Technology. 11 Academic Press. 199 (1977).

size and type are possible, usinj _oiti m, ,, 23. ].P. Singh, A4.V. Virkar, D.K. Shetty and R.S.

these algorithms. Future prospemts fir I, I ordon. ]. Amer. Ceram. ,c. b2. 179 (1979).

effective accept/reject schene,s m',rtinvnt 74. A.G. Evans. J. Amner. Ceram. Soc. in press.

ceramics ar, thus very excitinq. 25. . Porter, A.G. Evans and A.H Heuer, Acta
'let.. in press.

ACKNOWLE oIX iMLNT  
Tb. A.G. vans and A.H. Heuer. J. Amer. Ceram.

Soc.. in press.

The author wishes to thank the )ivislorl of '7. R.,. Hoagland and D. Fmbury. J. Amer. Ceram.

Materials ScienLes, Office of iasi:c Energy ,OC.. in press.

Sciences. J.5. )epartment of ne'-rly under oontrat ?8. A.(,. Lvans, to he puhlished.

No. -74U5-Eng-48 for funding the work on tough- 2Q. R. -arvie. P.H. Hanninc
u 
ann Q.T. Pascoe.

aning mechanisms, the Advanced Research Projcts Nature ?5H, 703 (19")).

Aqency for funding tne work on fracture Models and
accept'rejemt criteria under Contract S33615-74-C-
51: 1J. and the )ffice of Naval Research for sup-

portinj the work on surface ira,-k dilation.



30. J.D. Eshelby. Proc. Roy Soc. A252 561 (1959).
31. T. Gupta, Bull Amer. Ceram. So 7,8 330

(1978), Abstract only.
32. F.F. Lange. work performed at Rockwell

International Science Center, to be published.
33. A.G. Evans A.H. Heuer and D. Porter, Fracture

77 (Ed. D.M.R. Taplin) Univ. Waterloo Press 1.
529 (1977).

34. J.P. Hirth. R.G. Hoagland and P.C. Gehlen,
Int'l J. Solid Structures 10, 917 (1974).

35. B. Erdogan and G. Gupta, In-t'l J. Frac. 11, 13
(1978).

36. Y.M. Ito. M. Rosenblatt, F.F. Lange and A.G.
Evans, Int'l J. Frac., in press.

37. J.M. Richardson and A.G. Evans, 3. of Non-
Destructive Evaluation, to be published.

38. B. Budiansky and J.R. Rice, J. Appl. Mech. 45

2 (1978).
39. B.T. Khuri-Yakub. G.S. Kino and A.G. Evans. J.

Amer. Ceram. Soc.. in press.
40. L.W. Kessler. work performed at Sonoscan.
41. B.T. Khuri-Yakub and G.S. Kino, J. Phys. Lett.

30, 2 (1977).

42. W. Kohn and J.R. Rice, J. Appl. Phys., to be
publ i shed.

43. 3.H. Rosi and J.A. Krumhansl, Materials
Science Center Report 2846, Cornell Univ.

44. R.R. Thompson and A.G. Evans, Sonics and
Ultrasonics 23, 292 (1967).

633



if'~~~~i s'K72 I' c I, it I., I v r555i d1! s-g't ft0t. d c t i z-
''-Idst st cllI If I :' m 5 nscr'crss I slc wondcercd what I I I,,

1:''-f i . k 'I I -- l rca 17 r j ' ti a ! 7 A ' '1 4 f I

W;-- I;Q~fi itpt.Ie It -p r:s r3x'ts'e t c I ulr' L it aI t

a, t~s fc'~ u If ti 't Itil' 11 (0 1' ei r-' 1s'1- ciisI- ss vi -i tr-

1 Ul I's Ci1 Is-' t''-aii ' t th - - Ilcr '-'''cn-

''! d I it ' Os-i !!it~' '- I it, I L 'id IS>'' -icr , I s-o t1 r! ti C,

i-c' t r oi 1A t .' I tr C Iik .v 'd '' rs a hi , tnh 'icut or> tuteE
sis 1 1 ads,. _;o (ii- I slru t h l is t e c'n srte ea >c tnt 'ti

1 i ti ris-I iscsloc I s it's, ,0 1- c t'-, ':1 I'' -r tat'Ic'tr I 'tc at~ It1

'k: I C i d It -'il "oJ'cl atio. Th. ircp ditls 'c I t

In ri if If 5 I t- .; it a, i ci r' Is1 (2 u ''ti : '-c- d t y 'tc " ir 1111 r 'i 'FC

ii! '. 's- Ct-k t'tm'sC r le PC tu I L I

-l(I i i t 'tr I 1tit A' tic it rii ta n. l C

I Ilis at ci! if I5'' n t., h V il itl, it 1I ri-c' rt 'c ou I ~ s v v I n

c A! c ef' v. it a 1, t t I. s-, -" ii r sar-''r tct o- ut IC I 1 c I.

ti I: sot'id 1S A 1 1 ' 1 I ha o. Iit' wcA I-- '" 2 'A ,- t- c'i, w'CrI I

ii '' t t I, ti if c if' j I. ts s-i os-Itt!i f .r i f t; 'ItioI ; 1 1 t l i, a t

-:t' ii .(2 c ," i 1
5

if , f t) ( k

'5 ti I''t if'' I'r witis r li saI 5  'A 'i 5t iS'

W, I tI t:' ,I 's if' a-1;: I i -s -' -t



A. . vans Idiscussion: co ntirued)

faul Holler: How do you get a uniform distribit ion (,I di C. c ,
separated distri bution for the p Irot al iy it itar I n' .

Tony hvans: Beca us- o f Ith measurement. The measur, m( .t dir ."
extreme of the distribution from the intermedit. .xl r.!,, t
allows those curves to separate out. If ther .( 'e. k .t',(
they all come tolrether ir one curve.

John Richardson ',wcience Center): It also depends on It t r , Ih. i
The failure process has a glreat deal of randrnmreervsct I% ,, ar. *

Tony Evans: What John is sayinkr Is if it's an extrelmely atotm " , ,',
words, if' you have a defect of size A and a freclur, cit' .t . .
that size so broad, then those would also be seEarate d t ,'a I'.'. (V ' t:.
But separation for a given size is not that bro, d a, nd the 1 , fI,1 r(, I c r
to mpve those curves.

Paul Holler: I still have not understood, but 1 don't w.rt I( he ily ( i

Tony ".vans: rue more nuestion. I'm afraid w,' .oie . , ''Ic tc 'I It, I :
under way ....... let'r ',,t ack to thc rut.sticn t hi, ri., de -:t c I,t
versus volume. 11 you wen to use surt'ac, wav , Ie ri Ict(i 1 ' l-'
inclusions, then you conrcertrate or th. distrilutio!.t Ih, I r, t, 1h, ,
surface which is sampled by the surface: wave. If y look a tt" a. k : v,
method, then you use distribution which i prtint-nt rtI t,.Ak av' . 1
he the same or it may le different. Atnywy, 1 Pth.irk w, 1 tc old
answers to these questions ar, better apjproached in it.' al t1k 1
this morning.
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ABSTRACT

Fracture tests on hot-pressed silicon nitride containing voids and several types of inclusions have

,een conducted. Fracture models pertinent to each defect type have been proposed and correlated with

the data. The specificity of the fracture models is emphasized, and the various trends with defect size

that result from the models are described. The resultant fracture probability relations are one of the

key inputs to accept/reject decisions for nondestructive failure prediction.

INTRODUCTION EXPERIMENTAL

Inclusions and voids are importdnt sources of Technijue - Samples containing the defect types
failure in structural ceramics. It is crucial for tfat-pre~ominate in hot-pressed silicon nitride

the structural utilization of these materials that (Table 1) were specially fabricated* in two sets.

the probability of fracture from typical defects One set consisted of 2.5 cm diameter discs with
he sufficiently characterized that effective non- the defects approximately located at the disc

destructive failure prediction schemes can be center. The other set consisted of oversized bars
devised. In this study, samples of silicon containing inclusions, later to be machined to

nitride containing typical defects are subjected final dimensions suitable for flexure testing.
to controlled fracture tests to determine both the The samples were inspected using advanced ultra-
fracture mechanism and the specific fracture sonic techniques to determine the precise location

stress at the defect. Fracture models pertinent of the dominant defect. The samples were then
to each defect type are then developed, and the machined until the defect was located ?OU m from
fracture probabilities (derived from the test one surlac" nf the sample. This operation was
data) are related to the parameters of the models. conducted to ensure that the defect would ' ,W-
The resultant probability functions constitute one jected to an appreciable tensile stress during

of the three functions required to isolate the subsequent flexure testing. Therefore, each
accept/reject criterion pertinent to nondestruc- sample was annealed, in air at IOOO°C for 2U hr.,
tive failure prediction.: to minimize the influence of surface cracks intro-

duced during the grinding process. Finally, the

Preliminary studies of fracture from defects samples were subjected to flexural, constant dis-
in ceramics - have indicated that the fracture placement-rate fracture tests conducted at room
proces.s is likely to consist of the activation of temperature. Those samples with defects located

small defects (voids. disbonds. grain boundary at the disc center were tested in biaxial
cracks). occurring within or near the defect, by flexture." Samples with defects displaced from
the ambient local stress field (due to both the the disc center were put into beams (20 cm x 1) Tim

thermal expansion mismatch and the applied x 5 mm), such that the defect was located at the
stress). Usually, the influence of the defect on beam center, and then tested in three-point
strength is expected to be less severe than that flexure. Acoustic emission was monitored on each
of a crack of equivalent dimensions.- The sample throughout the test. The bar samples were
important exception is an inclusion with both a also machined into beams (38 mi x 6 irmn x 3 mm),
thermal expansion coefficient and a bulk modulus and tested in four-point flexure such that the
lower than the host material then, large radial inclusions were between the inner spam supports.

cracks can dovelop that substantially reduce the After strength testing, fracture faces were
strength). However, the incidence of such inclu- examined by microscopy and microprobe to verify
sions in structural ceramics (such as silicon the location and nature of fracture origins.
nitride) is expected to he minimal, because these
materials have a low intrinsic thermal expansion Results - The results of the fracture were used to
coefficient. _EaVcuTite the stress at the center plane of the

defect, at the condition of fracture instability.
The inherent flaws that initiate inclusion These defect fracture stresses are summarized in

fracture are likely to be statistically distri- Table I. The acoustic emission record did not

buted in size and space. Therefore, the fracture generally indicate well-defined pre-fractur-
stress should not he expected to relate uniquely emission, except for the silicon inclusions, which
to the defect dimensions, but rather, to exhibit i exhibited consistent emission at about one-tenth
distribution of values for each defect size.-" of the the final fra-ture load.
Th e de t e rm in a t io n o f th e p e r t in e n t fr a c t u r e d i s -.. .... ... ..

tribution functions is the primary objective of *The fabrication was conducted by the Norton (o..
the present study. Worcester, Massachusetts.

- ~ ..................... .. ...



The dimensions of the fracture initiating TABLE I (Cont'd)
defects on the fracture plane were measured on
each sample, as summarized in Table I. Also, for Defect Stress at Defect Size
samples in which defect removal could be effected. Type (MPa) - -----
the defect volumes were measured. The detailed Defect z( jm) x(I'm) vim 

}

volume measurement technique is described in - ..-------...--------------
Appendix 11. The results are summarized in 316 250 25u
Table 1. As a general comparison, the present 314 250 250
results are combined with other results* to plot 302 250 250
trends in the average strength with defect-size 293 250 250
(Fig. 1). The strong role of defect type on 265 250 250
strength is immediately apparent. 2b5 250 250

Void 248 25U 250
TABLE 1 248 250 250

.. 247 250 25U
Defect Stress atj Defect size 246 250 250
Type (MPa) 226 250 250

Defect zC() x(pm) Vm') 206 250 250
191 250 250

400 50 265 - 181 250 250
362 100 475 - 165 250 250
375 75 425 -

264 125 625 - 234 500 500
Silicon 243 250 875 - 224 500 500

283 125 875 - 211 500 500
272 250 675 -21 500 500
410 75 200 -1 500 500
432 75 275 - 194 500 500

284 175 425 - 197 500 500
357 100 100 - 178 500 500

424 75 250 - 178 500 500

434 50 100 -176 500 500
265 175 750 -17 500 500

252 125 625 - 15 500 500
.5x-12 140 500 500

398 2.5 12 126 500 500

323 1.6xlO
- 1  109 500 500

383 9.1xI012 1O 500 513

334 2.2x010f
359 ~~3. x x0-

1 1 -----

210 3.9xO10 434 44 48*

Iron 217 3.1x10
-
10

404 6.2xl0
-
13 *Result obtained from: F. 1. Barratta. G. W.

258 7.Ox1-11 Driscoll and R. N. Katz. Ceramics For High Per-

296 6.1xlO11 formance. Applications (Ed.. J. J. Burke, A. G.

S3.3x-11 Gorum and R.N. Katz). Brooke Hill, MA (1974)

283 6.5x1011 p4

173 2.9x0
-1 0

281 1ix10
1 0

206 3.2x0
-1 0

190 3.0x010 - - -T--

268 1.8x0 I O10---. . ..- ------------------------ -w C

550 75 175
590 125 150 0

Tungsten 560 75 300
Carbide 610 400 675 TYPICAL

600 100 300 DESIGN STRESS
480 400 400

S- - c I Fe
365 250 250 200
317 250 250 VOID

Void 314 250 250 1O0' SURFACE VARIABILITY
302 250 250
293 250 250 CRACK

265 250 250 o Im-- - I _ ' I-J_
365 250 250 0 200 400 600 8oo
317 250 250 DOMINANT DEFECT DIMENSION (vm)

*Results obtained from, .R agi neF.-FT. Fig. I A plot of trends in the average

Brockelman and P.M. Hansen. AMMRC Report TR 78-11 fracture strength with defect size
(June 1978) and from;'J.J. Petrovic and M.G. for several different defect types
Merdiratta, Jnl. Amer. Ceram. Soc.. 59 (1976) 163. in silicon nitride.
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FRACTURE MODELS

General Considerations - It is instructive to
F-6i 'Re-a perspectvi of defect fracture by
examining the stress fields associated with
defects, and thereby, to identify the possible
modes of fracture. (The fracture modes that occur
for inclusions with a lower expansion coefficient -o sp:-
than the matrix are excluded from consideration. .-
as noted in the Introduction.) -_ V -U.

The thermal expansion mismatch introduces
hydrostatic tension within inclusions. The
magnitude of this stress, 3., is given by' ----

4G Ni AT )N-C,

F _+ T2TV Y.1_T[MC1 YN; TC yj(
m

where A,, is the differential thermal expansion .
coefficient, \T is the temperature differential. G C,,SCN

is the shear modulus, v is Poisson's ratio and the
subscripts m and i refer to the matrix and inclu-
sion, respectively. The equivalent stresses
with i the matrix are. for a spherical inclusion
with -adius R.

j rr 
= 
t * (R/r)

3

(2)
Fig. 2 Schematics indicating fracture initia-

tion within the matrix fromi interface inter-
,, = -*(R/r)

3
/2 face microcracks for (a) low modulus inclu-

sions and (b) high modulus inclusions.

The applicatiun of a stress 3_ generates
additional stresses within the inclusion. For a tensile zone are appreciably smaller (for the same
spherical defect and an applied pressure p_, the modulus mismatch) than the equivalent quantities
stress in the defect is given bye: for the low modulus inclusions. The probability

of fracture from the latter is thus anticipated to
be relatively low.

P1  2)I(: A m-1]12v) 4Gm*3, A more typical condition involves inclusions
- = I + I. (3) with a lower fracture toughness than the matrix.

I 1 Then, inclusion fracture may occur. When the
inclusion has a relatively high modulus (although
not necessarily higher than that of the matrix),

where - is the bulk modulus, so that appreciable stresses develop within the
inclusion, the fracture of the inclusion can be

The significance of these local stresses subcritical. i.e., an additional stress is
depends on the distribution of flaws within the required to initiate structural failure.
defect, matrix and interface; as well as the Alternatively. if the inclusion has a low modulus
intrinsic toughness (of inclusion and matrix). (e.g.. a porous inclusion, see AppendiK 1). the
When the toughness of an inclusion is appreciably stress within the inclusion is low and inclusion
larger than that of the matrix (as might pertain fracture might then coincide with structural
for WC Inclusions in Si3N4 ). fracture will tend to failure.
initiate within the matrix, from flaws located
either at the interface or within the matrix This multiplicity of fracture modes requires
itself (Fig. 2). In this case. the location of that each inclusion type be evaluated on an indi-
fracture and the fracture probability depend vidual basis. The subsequent analysis comprises
primarily on the ratio of the inclusion and matrix separate sections for each of the defect types
elastic constants. Specifically, for inclusions listed in Table I.
with a smaller modulus than the matrix, the maxi-
mum local tensile stress occurs at the eqoatorial Sj)ecific rracture Models
plane.' and fracture will initiate from flaws
located in this vicinity, as indicatel in Voids - Previous studies' have sugested that
cig. ?(a). For inclusions with a higher ;nodulus fracture from voids o(.curs by time activation of
than the matrix, the maximum local tension (in the microracks located on (or near) the surface of
appropriate, orientation for continued extonsion the voids (see Fig. ?a). A combined iracture
into the matrix. i.p.. normal to ,,) o,_curs at the nechanics, statistical analysis of this problem
polos of the inclusion" (rig. ?(b)). Iowever. yiolded the following relation for the fracture
both the maximium tension and the extent of the probability, . at the stress S

Iip



- -2(SS0m ml rk.
-exp [-F (S/S ) xp(O.52m-1.4)D r N

0L 0 = .F (I)

(4) j i1 ki

where So is the scale parameter, in the shape
parameter, R is the void radius; . is given by; Under the null hypothesis H that ;=2, the

statistic (sin L /,,F)(--? n L /ai" F is
asympototically dstributed as a chi-square rdndom

(I/R) (Kc/S)
2  

(5) variable with one degree of freedom. Hence, for
large samples, it can be used as a test statistic

for the null hypothesis H For the test data
where KC is the effective microcrack extension pertinent to void initiated fracture summarized in

resistance and D(u) has the approximate form, Table I. application of the above result yields a
test statistic of 1.80. This value has an asymp-

2 -1 totic significance level of 0.18 and, therefore.
() 0.3 + 0.7[1+{,.12) (6) the null hypothesis that r 

= 
2 appears to be

supported by the data. The maximum likelihood
estimate of ., was also obtained from

The conformance of the test data to the
predictions of this model is assessed by separ-
ately estimating the dependence of the data on the cn L
radius R of the void and on the stress level S. - . U (11)
This is achieved through a generalization of
Eq. (4);

yielding a value,. 3.03.

D(xlr) P[S<xlR=rJ The consistency of the test data with the
simplified model, r 2. does not exclude the

x possibility that for small (or large) voids an
additional dependence on R nay emerge from N1,).

= 1-exp[-g(r.") 1 0oUdu] (7) Additional data will be required to examine this
"o, possibility.

The analysis can now proceed, by testing the
where g(r, ) is of known functional form (except hypothesis that the parameters i and So do not
for the parameter i) and independent of the value depend on the radius ri. through the restated
of S. while o(u) is independent of the value of model
R. For the present problem Eq. (7) can be written
as r IM(ri

n(x-r) = (-exp[-r1)

.xo [r (u)du( where ri is fixed for each data sample. ince

there are two samiples (r i  125;M and ri
the intent is to test the null hypothesis

We commence the analysis by supposing that the
term 0(,.) is relatively invariant within the range
of the test data. Then, the hypotheses of thefracture model are:I in(PI?'i) (250) m

0 (1 5 S (253 ) 1S

versus the alternate hypothesis

0°(u) i - (9)
i ,n(125) m(250) or

The influence uf the radius is examined first. I So(125) ' S (25)0)
by comparing the formal statement of the null 0

hypothesis. H : =2, with the alternative. HI:
:'-2. A procelure devised by Cox". which is To test the relative mfrits of H versus H

1
, the

independent of the functional form of ,^(u) is likelihood ratio statistic i was obtalned. Notinq
used for this purpose. Let the observes failure that -?cn" is distribut.ed as a chi-square randoim
stresses for samples ki. k2 ........ k n be. variable (with two degrees of fr,,dom), t'o

. .... wreno ties are allowed, analysis yielded the result, l - ?.709. whi.h
Let R(i) be the set of all items surviving until is not significant at the (.25 level. Hence, o,
just b fore the j'th failure. Then, the partial the basis of this test, the data support the rill
likelihood function Lp is; hypothesis H,). that m and '( are indeond,,nt rf



the void radius. A Weibull goodness of fit test KI = Z(a/c)F(Gi/Gm)o-ab (14)
also strongly supports the hypothesis. Maximum
likelihood estimates obtained for the scale and
shape parameters are; where Z is a function of the crack shape. F is a

function of the relative elastic moduli and b is a
s= 106.3 MPa constant ranging from 0.3 to 0.7. The present
0 fracture model is developed on the premise that

the modulus mismatch is small and that the cracked
m = 4.57 inclusion can be treated as a crack in a homo-

geneous body. (This simplification is necessary
at the present level of comprehension of the

As a final assessment of the model, the crack/inclusion problem, and will evidently
fracture probability associated with the test introduce an error into the fracture character-
result obtained for the 44Pm diameter v9 id is, ization.) Then. introducing the macro-toughness
derived from the above estimates of 0, m and SO . of silicon nitride and the inclusion dimensions
This analysis provides a fracture probability (on the fracture surface), the predicted fracture
of 0.25, which is quite reasonable, stress op becomes

The application of the test results to the K
prediction of failure or survival ideally requires = F c
that a maximum likelihood estimate be derived. p Z a 7c).a (15)

This estimate, described in Appendix Ill. is given
by;

The predicted stress for each sample is plotted in

Fig. 3 as a function of the measured fracture
[S > xIR 

= 
r] stress. A reasonable correlation is apparent.

Wr2

T rk.

k- x r'z T

Inclusions

Silicon Inclusions - The silicon inclusions
oser ve on te --fracture surface are characterized
by a lack of porosity, signifying (see Appendix I)
that there is little thermal expansion mismatch at
temperatures above -000°C (the temperature at
which stress relaxation by mass transport becomes
slow'. This can be rationalized by noting that
the large thermal contraction of the silicon
between 1000 and 1800C is counteracted by the
unusual volume expansion that occurs during solid- "
Ification. Between 1000C and 30C the total con-
traction of the silicon is very similar to that of Fig. 3 A plot of the measured fracture strength
silicon nitride: indicating that the thermal mis- of silicon inclusions as a function of the
match stresses in the silicon inclusions should be strength predicted by the subcritical crack-
small. Ing model.

Dense silicon has elastic properties appre-
ciably lower than those of silicon nitride A detailed statistical analysis has also been
(Young's moduli of 110 and 320 GPa. respectively), conducted to determine the level of correlation
These relative properties lead to a stress in the between the test data and the model. For this
inclusion oi - 0.64 o. (see Eq. 3). However, purpose, it has been supposed that the primiry
silicon has a very low fracture toughness (0.6 source of variability in the measured strength is
MPaoii) compared with the silicon nitride matrix (5 the variation in fracture toughness of the matrix
MPaVm); so that. despite the low stress level in circumventing the Inclusion (which could be very
the inclusion, the inclusion Is liable to sub- different from that of the remote matrix, because
critical fracture. This interpretation is consis- of an interaction zone). The inclusion/crack size
tent with the acoustic emission measurements is appreciably larger than the grain size. Hence.
(Section 2). the variability in toughness is assumed to be

normal. The fracture data are thus analyzed to
The subcritical fracture of the silicon inclu- determine their conformance to the normal distri-

sion Introduces a crack with dimensions dictated hution. (An alternative hypothesis attributes the
by the boundaries of the inclusion. The cracked strength variability to variations in the shape of
inclusion produces a complex stress intensifica- the crack at the criticality; this possibility Is
tion of the type;I: not examined in the present analysis.)

F, 4 0



The hypothetical model can be formally
expressed as:

T0--
P [S< ;p o x] =0

r p 7/~

40!-

-exp- )2d (16)ii
where v

2 
is the variance of the strength S for any

given o and Pr is the conditional distribution -

of streggths S; note that the conditional expect---
ation of S. given o. is assumed to be a linear

function of op. -

(Slop = x) z a + Lx + (17) -

2 20 400 450 500
where r is a random variable having mean zero and MEASURED STRENGTH mPat
variance v2. Applying the usual null hypothesis
tests to the available data is complicated by the
fact that the fracture data comprise 15 obser- Fig. 4 A plot of the maximum likelihood residuals
vations of 12 random variables. Specifically. as a function of the measured strength.

only the residual

The second method of analysis uses a procedure

e = (Slop = x) -, - ox (18) proposed by Henry Theil.'' It involves an ortho-
gonal transformation through an identity matrix.
Only 13 residuals can be obtained because 2
degrees of freedom (slope and intercept) are

can be observed, where and o are the maximum sacrificed in the estimation procedure. The
likelihood estimates of a and 6. residuals obtained in this fashion exhibit pre-

cisely the same trends as the maximum likelihood
The normality of the fracture data are thus residuals, as exemplified in Fig. 5.

analyzed using two approaches: (a) by disregarding
the varlance-convariance structure of the resi-
duals and (b) by obtaining independent residual
observations using an orthogonal transformation of
the fracture data.

The first method of analysis assumes that
these residuals are independent. The variation in
the magnitude of the residuals with the magnitude
of the observation can then be obtained directly. I ,
as plotted in Fig. 4. There does not appear to be
a systematic trend in the residuals (as verified
by values of a, (skewness) = 0.04 and '2 (excess)

-0.93). indicating that the normality hypothesis
may be reasonable. Further. the residuals are
arranged in increasing order of magnitude and
plotted against the expected value of the i'th *

order statistic (Fig. 5). The good linearity of :.
the plot tends to support the contention that the
residuals are observations of a random variable *.

having a normal distribution. Separate analysis K
of the data at large and small o_. using a pro- ,
cedure proposed by Goldfeld and QCandtl'. indi-
cates that the residuals exhibit a systematic *,
increase with increasing magnitude of the obser-
vation. This does not invalidate the normality of *' " , , i ,

70 Is 10 fi A,~ inl 1%
the distribution, but suggests a variance that I Wp i , , , M,,
increases as increases; a result that can be
tentatively rat onalized. as discussed below.
However. it should be noted that the data may also
conform with similar confidence to alternate Fig. 5 A plot of the ordered residuals as a
models. The data analysis does not. therefore, function of the estimate of the order
provide a unique confirmation of the proposed statistic for both the maximum likell-

fracture model, hood and the indppendent residuals.
4l



It may be concluded, therefore, that the An alternate, or coupled, failure model
hypothesized fracture model, modified to allow for supposes that a critical fracture condition is
an increase in variance with increase in strength attained when the stress within the inclusion
level, cannot be rejected by the data. However, reaches the level required to extend one of the
this does not discount the possibility that the internal cracks: thereby excluding a subcritical
data might be also be consistent with an alternate inclusion fracture event. This hypothesis would
fracture model. If the assumed fracture model is be consistent with the lack of detectable acoustic
indeed valid, the parameters of the model implied emission prior to final fracture. The stress
by the data are: a = 99.655 MPa, .' = 0.541. The within the inclusion is a relatively uniform,
deviation of t from unity suggests, within the hydrostatic tension p1 (or exactly uniform for
context of the model, that the local toughness of an ellipsoidal inciusion) given by:
the matrix may be lower than the remote macro-
toughness of the matrix (i.e.. - 3 MPavm instead
of 5 MPa/m). This effect can be justified on the Pi + (19)
basis of a matrix locally degraded by interaction
with the inclusion. The relative extent of the
degradation may also be supposed to increase as A weakest link model of inclusion fracture for a
the inclusion size decreases: accounting for the state of uniform tension would indicate a fracture
observed increase in variance with increase in probability,

.
'

strength level.

Iron Inclusion - Examination of the iron inclu- i
i  

(
sions (Fig. 6) indicates that the inclusions . - exp -Vi  g(S)dS (20)
contain several open cracks and/or porosity. The 1 I
cracks and pores are presumably formed by diffu- 0

sion within the inclusion (while at elevated
temperatures) to relieve the stresses introduced where V. is the volume of the inclusion
by thermal expansion mismatch (Appendix I). An (=(4/3)r ) and g(S)dS is the distribution of flaw
unrelieved thermal expansion mismatch strain , strengths that relates to the distribution of
will, of course, still develop at temperatures cracks within the inclusion (and the toughness of
below those capable of sustaining rapid mass the inclusion). If we adopt the Weibull assump-
transport. The presence of the open cracks tion. that g(S) is given by:
reduces the effective bulk modulus of the
inclusion. The stresses within the inclusion.
induced by the applied stress (Eq. 3) and the c k
thermal expansion mismatch (Eq. 1). should thus be
appreciably lower than would be anticipated from g(S)dS (21)
the intrinsic modulus of the iron silicide that
comprises the inclusion. The low effective 0

modulus also results in relatively large stresses
in the matrix adjacent to the inclusion, compar- where p0 is a scale parameter and k a shape
able in form and magnitude to the stresses around parameter, the inclusion fracture probability
a void. One possible failure model thus involves becomes:
the activation of microcracks in the matrix, at
the interface, by the enhanced tensile stress near
the equatorial plane. The probability of fracture j 31 , k

for this mode of failure can thus be expressed by 4I 1 - exp (4/3)ir
3  --, - -+1 (22)

the void fracture relation (Eq. 4), modified by a Po
coefficient that depends upon the ratio of the
inclusion modulus to the matrix modulus (c.f.,
Eq. 3). where 9 c is the applied stress at fracture.

Statistical analysis of the fracture results
for iron inclusions, according to the procedure

-, described above for void fracture, indicates that

the maximum likelihood estimate of the radius
coefficient. ti is -7. This value is larger than
predicted by either of the above fracture models
and thus excludes the existence of a single frac-
ture model over the complete range of test
results. A transition from one mechanism to

A "another, as a function of defect size, may thus be
occurring. The results can be rationalized by

this hypothesis, but are too sparse to verify the
existence of such a transition.

Tung sten Carbide Inclusions - The relatively minor
ef -to -tusten carb-e -inclusions on the frac-

ture strength of silicon nitride precludes the
need for a detailed statistical analysis of
strength. The Innocuous nature of these inclu-

Fig. 6 A scanning electron micrograph of a sions derives from a combination of relatively
fractured iron Inclusion in hot-pressed high toughness and modulus, as noted above. The
silicon nitride, analysis of fracture would involve considerations
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of the distribution of microcracks located with large shear component, or(-3i*/
4
); relaxation in

the matrix in the small zone of tension near the the matrix can thus only occur by shear induced
poles of the inclusion.

8  
The mode of analysis processes (e.g.. grain boundary sliding accom-

would be essentially similar to that conducted for modated by diffusive transport). The chemical
fracture from voids 5. as modified by the dif- potential that acts as the driving forcq for atom
ferent distribution of matrix stress and the pres- migration within the inclusion is dictated primar-
ence of a high toughness inclusion. ily by the hydrostatic pressure

IMPLICATIONS AND CONCLUSIONS
P= -p (Al)

Good physical models of the probability of

fracture from defects can greatly enhance the
ability to predict failure from a nondestructive where is the atomic volume. The incidence of
assessment of the defect type and size. Models atom transport will modify the chemical potential
pertinent to specific defect types have been pre- ato traspr t will oteta
sented. and correlations with fracture data have and th stress transort th il roccu
been attempted. The data are essentially consis- primarily by vacancy transport to the interface.ten wththefrctremodels. However, to obtain However, if the stress within the inclusion is
tent with the fracture moes oeet ban tensile, cavities may nuc leate by vacancy
good statistical confidence in the models, addi- condensation.et
tional data are required, for well-controlled
defect morphologies. Specifically, data sets are Once a cavity has nucleated, the stress at the
required for defects of a given size. taken at cavity surface and the local chemical potential
several different size values, must be maintained at their equilibrium values

The present results can be used directly,
within the probabilistic range encompassed by the p
data, even though the applicability of the models P s
has not been substantiated (in each case) with
good statistical confidence. The confident
substantiation of the present (or alternativel
models of fracture from defects would have the
advantage of permitting the reliability predic-
tions to be extended beyond the range of the where r is the cavity radius. [he chemical
data. Additionally, with self-consistent models whee r s the cavit rifaland ample data, the variance would be minimized, potential gradient now favors vacancy diffusion
thereby reducin the vareetiance poulab iiz; finto the cavity, and cavity growth can be antici-
thereby reducing the rejection probability for a pated. Hence, if several cavities nucleate, the
given method of nondestructive analysis.- stresses within the inclusion remain at a moderate

The strong influence of the defect type on the level, while mass transport is occurring. It

fracture strength is re-emphasized. Specifically, should also be noted that the formation of

tungsten carbide inclusions can be regarded as cavities decreases the modulus of the inclusion.

almost innocuous, while silicon inclusions are This tends to minimize the stresses which develop

extremely deleterious (at least at low tempera- on cooling below the temperature at which mass

tures); iron inclusions and voids are of inter- transport eventually ceases.

mediate severity. It is interesting to note that APPENDIX II
surface cracks in hot-pressed silicon nitride
produce about the same strength degradation as A POSTRIOR MEASUMNTS-- IN-USION-L-IMI

silicon inclusions with the same equivalent Most of the naturally occurring inclusions in
diameter. However, it should be noted that structural ceramics develop cracks during tempera-
silicon develops appreciable touihness above ture excursions. Consequently. the inclusions are
1-100*C. and melts at 1420'C. Sflicon inclusions relatively friable after fracture, and Lan be
are thus likely to become less deleterious at readily separated from the matrix by suitable
elevated temperatures (> 90': tending to approach etchants. The remaining void space can then he
the behavior of voids of equivalent size, filled with a low density wax and the density of

Finally. the appreciable dependence of the the ceramic/wax system measured in a density

fracture probability on the inclusion type clearly column. This density is directly related to the

emphasizes the importance of defect type classifi- inclusion )lume, v the density of the ceram

cation for effective nondestructive failure pre- indicated below.

diction schemes.

APPENDIX I The measured density ' is:

STRESSES PRODUCED AT7-WFA1 EXPANSION MISMATCH

The magnitude of the thermal expansion mis- (M + m)/(V x V) (A3)

match stress depends on the cooling temperature ',
(Eq. 1). An exact definition of this temperature
differential presents several problems. The where M is the mass of the eramic. V its volume
stress within the inclusion is purely hydrostatic and m the mass of the wax c)ntained within the
(i.e., no shear stresses). and stress relaxation void space. The parameters in [q. (AU) that
can only occur by mass transport processes. By cannot be easily measured are m and V, these can
contrast, the stress within the matrix has a zero be eliminated from the measurement process by
hydrostatic component. p(, rr*2,,,=O), but a very substituting the densities .w and c'
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1M \IP M Hence the survival function is given as
v[S 2 xIR = 

r] H exp[-akg(r,)] (Ag)

The densities Pc and P' can be obtained directly 
k

from density column studies, before and after the
wax has been inserted into the void space. Now, let Fi be the set of all test samples failing

i'
at epoch iand R, be the set of all test samples

APPENDIX III surviving up to (4i - 0). Then
MAXIMUM LIKELIHOOD ESTIMATE OF SURVIVAL FUNCTION

Assume the survival function; P[Fi IR]  I1 (-exp[-a g(rj,

X

P[S>XIR=rl = exp[- 
"

(u;r)du] (A) - exp[-aig(r.,$)]LA9

wj0R i \F i

where11

where r. is the radius of the void in the jth test
(u;r) = o(U)g(r,t). sample. The total likelihood is then

and g(r.t ) is of known form, except for i. Take

L = T H (1-exp[-a i g(r'L' )]
=i= = I jkF F

Ao(U) : i ak C':u-k). (A6) 1
k 1 IT exp[-aig(r ,)]O(AIU)J RI\F 1 *J*

where 0 < 2 ...... is a net defined on
R' (the positive real axis) that is dense enough If no failures occur at epoch j = k, then the
to include all possible observations, and 6(.) is contribution to the total likelihood is
the Dirac S function which is defined to be zero
everywhere except at the point x 0. In
particular T1 exp[a g(r ii

j, Rk\ [ rj

x) U for x 0
which is maximum whenever ak 0 (since g .) is a

and positive function). Therefore. restricting atten-
tion to those epochs at which failures do occur.

'(x) dx L N I e

k=1 k (k

It therefore follows that

x exp[-akg(r(,,)x.v)] (All)

P[S, x1R = r] = exp[- 0 ou g(r.o)du]

0

,4 n .. . 0 for k 1 1, 2 ...... or N.
ak

exp[-g(r.,) 1 2 ak S(u-:.k)du] and denoting the estimate of ar by ar. we have

o k=l

g(r (k) ,Ce x p [ - a k g ( r , k ) , ' ) ] * . . . . .i ) _ ( A 1 2 )

exp[-g(r..') ak  (A7) (W (Al?)
k l°..X k'. rN

V. 4 4
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ABSTRACT

A discussion is given of a general probabilistic approach to the derivdt10n o
f 

the failure rrchd'il-
ity conditioned by nondestructive (ND) measurements and of an optimal accept/reject procedure,. This ,,; -
proach involves the use of explicit stochastic models of both the ND measuremHent process in, the foiltre
process (including a postulated stress environment). The overall decision logic involves a nuh'iher of on-
line and off-line inputs and outputs which will be described in detail with some, indications of the kinds
that are of interest to various categories of users. Particular emphasis will be placed upon !he oper,' -
ing characteristic curve (i.e., the false-rejection probability vs. the false-acceptance probability
representing a broad spectrum of optimal decision procedures) and its significance as a measure of the
performance and cost-effectiveness of NDE systems. Explicit results will be given for the case o cerarIc
NDE with acoustical scattering measurements and two alternative failure models. The first in one in

which the fracture process originates at a void surrounded by peripheral wicrucracks and the second in-
volves fracture originating in a subcritical inclusion. Particular attention will be devoted to limitinr
situations in which the unconditional failure probability is small and/or in which the ND measurements
are accurate and sufficiently diverse.

INTRODUCTION of a number cf test pieces, the assessnerts of the
overall decision formalisms have been carried ou

The purpose of this paper is to present a only with artificial theoretical data based upon
description of progress made since the last review the relevant models of the measurement and failure
of quantitative NDE on the subject of probabilis- processes.
tic failure prediction and optimization of accept/
reject criteria. This work goes beyond other work GENERAL PROBABILISTIC THIORY OF 1AILUP
on reliability theory by making use of explicit PREDICTION AND ACCEPT/REJECT DICISIONS
physical models of both the failure and measure-
ment processes. The resultant formalism enables In this section we discuss the formalism that
one to bridge the gap between the ND measurements is required to derive an optimal accept/reject
and the concerns of the ultimate user. decision procedure using the results of nondestru-

tive measurements as input data. The major part
Although our methodology applies in principle of the formalism deals with the calculation of the

to any maerial, our explicit applications will be probability of failure (or survival) of the test
made to structura; ceramics. We will make the piece (under an assuried stress environoent) based
following simplifying assumptions: upon the nonaestructive measurements. The deci-

sion to be considered involves a single inspection

1. The ND measurement, or set of such mea- before the component is put into service. In the
surements, will be performed at a single time and case of a brittle ceramic, failure is defined as
a single accept/reject decision will be made on the inability to avoid catastrophic fracture under
the basis of the result, a specified time-invariant uniform applied stress

(1,2). The procedure outlined here applies to any

2. Only the most significant (e.g., the material subject to a single inspection.
largest defect in a first-piece causes failure, if
any, and the less significant defects in aggregate As shown in Fig. I the input information to
have a negligible probability of causing failure, the decision process is composed of nondestructive

measurements on the test piece. The output is a
3. The applied stress is spatially uniform.

The probability of failure depends only on the
maximum stress and is independent of the stress l I OR R1 Ifl I

history up to that time. LJ I , ,.,
. .. ,[A , Pf

In the following sections we discuss first the
general theory of failure prediction and accept/ rig. I Operational NDI decision process.
reject decisions. In later sections, we discuss
the applications to failure in ceramics due to
voids and suhcritical inclusions, respectively, binary decision either to accept or to reject the
Various outp)ut properties are considered with piece. An ancillary output is the confidence mea-
particular emphasis on plots of false-reject vs sure connected with the decision. In liig. 2 we
false-accept probabilities. Although the failure show many of the elements of the off-line decision
models have been validated with real data on frac- process that require more detailed discussion in

ture and the associated causative defect in each the analysis of an NI; system --in particular those



that are connected with the physical model of the nal scattering of elastic waves in the Rayleigh
failure process and with the model of the non- regime (i.e., low frequency or, equivalently, long
dvstructive neasorements. wve length) with oa-i .5 cobistiur uf trid1s-

mitter and receiver positions. Then, one scalar
quantity represents the final result of measure-

'iODLO r IE AIPRI R ment for each c,:rbination.

IEASUREEN or , I We next introduce a binary variable c de-
LIscribing the structural performance of the test

SOi .i iT AT I -V. piece. The variable c takes the value 0 if the
test piece fails under a specified applied stress
and the value I if it survives. Although the var-
iable c is deterministically defined, it is only
probabilistically related to the variable y. In

AOOLOUTHE I COTPUTATIOT OF simple cases, the binary variable c can be relatedFAILURE PrOCE SS ' UP .. . [OI ,IAINO

•i"AioScJ to more conventional variables (e.g., the failure
LOSS FUNCTIO I stress oF or the time to failure tF). The vari-

UEI>IT.ImO SrRES5 1[ able c can still be given a precise meaning when
Of fNVIRO,,E.T Av , one considers cases with more subtle definitions

FAIlORE COST of failure and/or with random stress environments.

Fig. 2 Analysis and optimization The final stage of the decision process re-
of NDE decision process. quires a knowledge of the joint probability func-

tion P(y,c). It is also of interest to consider
two derived probability functions, namely

In this discussion we limit our attention to
the case in which each test-piece contains only P(c) = fdy P(y,c) (1)
one defect that is significant contribution to
failure. We can assume, for example, that the and
largest defect in a given test piece has a mudh
larger probability of causing failure at a given P(yjc) = P(y,c)/P(c) . (2)
applied stress than the probability due to the
combined effect of all of the smaller defects. The first function, P(c) is tne unconditional pro-
With this assumption, we can formulate our problem bability of performance (failure or survival).
as though only one defect were present. The second function, P(ylc), is the probability

density of y given the performance c. It de-
Further discussion is necessary to clarify scribes the nromalized populaions of test pieces

the meaning of failure, in particular what kind of in y-space of objects that are going to sursive
event constitutes failure and under what condi- (c = 1) and fail (c = 0), respectively. The
tions. In all cases in this paper, failure means nature of P(ylc) is illustrated in Fig. 3 fo, the
fracture (e.g., the propagation of a crack across case in which y is scalar.
the component with resultant division into two or
more pieces) and not some relatively benign occur-
rence such as a small amount of irreversible bend-
ing. The conditions under which failure oLcurs
must be specified and the nature of this specifi- POPMiAiION THAT

cation depends on the kind of material involved. S.RVV / AIi
For example, in the case of a brittle material one V C I
need only specify the stress environment (e.g., a
static applied appl ied stress in the simplest P, I

case) since here the elapsed time is irrelevant
(within wide limits) since fatigue and aging pro-
cesses do not occur to a significant extent. In
the case of fatigue of metals under a cyclic I

stress of constant amplitude, it is necessary to
specify this amplitude and the number of cycles.
!iowever, here the elapsed time (for a given number
01 cycles) is not important since the fatigue pro- UIiIS i

rPss s almost independent (within wide limits) of POINT

,he rate with which the stress cycles are exe- Fig. 3 The nature of failing and sur,,iving
.,,d. There is also the problem of stochastic populations and classification errors.
'-,', *rivmrnnments which we will not discuss

a,, T iTr, dPpends not only on the stress en-
.. . d,' ,pends on the thermal and chemical Two additional probability functions are also of

. .,., the temperature and humidity); interest, i.e.,
,,ijinq liscussion we will assuiie

• ',.' ,nd a chemically inert en- P(y) = ZP(y,c) (3)
, ' C

- * 1i ,)'r? , iretiientS are a and
,e.,fkti by the n-

" ,;,,.... I TIc examlles to P(c Y) = P(y,c)/P(y) (4)
'.. . ".. . ,.' ;I; 1, c nS I of a
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The function P(y) is the unconditional probability In order to deal separately with the models of
density of y and it represents the total popula- failure and measurement, it is necessary to intro-
tion of test pieces, i.e., the combination of the duce a state vector x having the property
surviving and failing sub-populations. The ftinc-
tion P(cly) is the probability of performance c P(y,clx) = P(ylx)P(clx), (9)
given the measurements y.

i.e., when x is specified y and c become statisti-
To carry out an optimization of the accept/ cally independent. From (i) we infer the relations

reject decision in terms of minimumn cost, we need
two kinds of inputs: (a) the probability function P(yJx,c) = P(ylx) (10)
P(y,c) discussed above and (b) an optimality cri-
terion that assigns an average cost to each candi- P(cjx,y) = P(clx) (IIl
date decision procedure. To formulate the opti-
mality criterion we start with the introduction of In words, (10) means that the probability density
the loss (or cost) function L(E,c), which is the of y given x and c does not depend on c because
loss incurred if we decide the performance is c(y) the specification of x represents sufficiently
when it is actually c. For a given y the decision comprehensive knowledge that the additional speci-
c = 1 (i.e., future survival) leads to acceptance fication of c is irrelevant. A similar statement
and conversely = 0 (future failure) leads to can be applied to (11).
rejection. Thus the losses L(0,1) and L(1,0) are
associated with false rejection and false accep- Up to now we hive riot discussed how the state
tance, respectively. In the present analysis, the vector is to be related to the underlying physical
nature of the NOE measurement is assumed to be realities. It is important to emphasize at this
given and hence its cost is not explicitly con- point that, although the physicists concept of
sidered. Typically the cost of false rejection is state (at least in the classical case) is a possi-
the cost of the test piece. On the other hand, ble realization of our concept, our likely choice
the cost of false acceptance can be very high and is far cruder than that of the physicist. For
clearly involves product-liability considera- example, in the case of ceramics, the state of a
tions. The optimality criterion to be considered spherical voids with peripheral microcracks would
here is the average loss (which is called risk, R, he given by its radius. The nature of the micro-
in the decision theory literature) given by cracks would riot be included in the state vector

because there is no NO measurement procedure pres-

R -f dy L(c(y),c) P(y,c) ently available for detecting them.

c f In any case, with the introduction of the

state variable x, defined in terms of the decorre-
woe 0 + wle 1 + b ( lation of failure and Measurement processes (i.e.,

The parameters wn, w1 and b are dependent solely by [q. (1)), we can write the joint probability of

on the loss func ion L(c,c) and the unconditional measurement and performance in the formh

performance probability P(c). The quantities e 0  P(g,c) fdx 1'(y,clx) P(x)
and el are the two types of misclassification pro-
babilities (or rates). Specifically, e0 is the fdx P(YlX) P(cx) P(x)
probability that we decide c = I (survival) when
actually c 

= 
0 (failure) and will call it the where (9) was used in obtaining the last line of

false-acceptance probability. Similarly, eI is (12). The integration on x is assumed to span the
the probability that we decide c 0 (failure) entire doiain of definition of state space, unless
when actually c = I (survival) and correspondingly otherwise specified.
we will call this the false-rejection probability.
The nature of e0 and el is illustrated in Fig. 3. The scheatic illustration in Fig. 2 of the

With a given loss function a short calculation analysis and optimization of the NDI decision pro-

(2) leads to the result that the optimal decision cess reflects the advantages of the separate

rule is given by the schemte: modelling of measurement and failure achievable
through the introduction of the state vector x.

A(y) > A implies c = I (i.e., accept); FAILURE DUL TO A VOIP WITH
P[RIPHE[RAL MIICROCRACKS

A(y) < A implies c = 1 (i.e., accept), (6)

It is known that voids, which are almost al-
where ways present in ceramics, are frequently the sites

for the initiation of catastrophic crack growth
A(y) = P(yJi)/P(yfO), (1) under sufficiently large applied stresses. We

consider a imodel of tiis process involving a ran-
and where dm set of miicrocracks the periphery of the vo id

with each crack having an independent proahility
A = wO/w!  (8) of prop}agating to failure. We present a detailed

treatment nf the perhaps over-simplified case in
The senses of the ineqijalities in (6) are based which it is assummed that the propaqation probahil-
upon the assumption that the coefficients w0 dnd ity depends onrly on the local stress* at the vrord
w, are positive. suredV. later, a brief anmlyis will be given of

*11ere the local stress is defined as the stress that would he induced at the point in questio' by the

applied stress if no microcracks were present.
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the use in which it is assued that the stress local stress o.3 {r in the neighborhood of the
gradient also influences the propagation probabil- crack. The cracds are, in this instance, con-
ity. For the same of simplicity, the voids are idered to be much smaller than the void diameter.
assu,,!ed to he spherical, so that the et Ft uf sttr ess gradient s into the

host can he neglected. The modifications that
Three independent considerations are involved pertain when this condition is not satisfied will

in the assembly of a decision framework; the esti- be discussed later.
nate of the pertinent defect dimensions from the
inspection measurement y given the defect state x; Based upon this model, the probability of sur-
the probability of performance c at a specified vival, given that the state x - a is specified, is
stress level oa given the defect state x; and the
a priori probagility density of the state x cor- P(l1Ia) I - P(Ola)
responding to the distribution of defects. Each (2)
of these inputs is examined separately and then exp (-4ins a

2 <Q>W
combined to provide the optimal accept/reject de-
cision rule and associated decision performance where ns is the average surface density of cracks
measures. on the surface of the spherical void and Q z

Q(o )) is the probability that a crack at the
Measurement Process. The relevant conditional position r- on the surface will propagate to

probability density P(yjx) is implied by the failure. The symbol <Q>A denotes the area average
stochastic measurement process of Q over the surface of the void.

y = Ja
3 
, r The A Priori Probability Density of Defects.

Studies of defect densities in ceramics indicate
where y is a possible measured value of A(a)/w

2 ,  
that the large value extreme, of interest to frac-

i.e., the scattering amplitude for longitudinal- ture problems, can frequently be characterized by
to-longitudinal backscatter divided by the square the cumulative distribution
of the frequency w, evaluated at a sufficiently
simal! value of Lo. The quantity na

3 
is the theo-

, Lcal value of the above quantity when the state F(a) f f P(a)da = 1-exp (a )k(3)
x m a (the void radius) is assumed to be known. 0 3c
The coefficient n depends only on the known pro-
perties of the host material and is given by the where a is a characteristic radius and k is a
expression constan exponent.

I + 1 1 + 10(l - 2v)) Results. Here we combine the outputs of the
2 2 1 - 2v 7- 5v (1a) last three subsections to yield P(yc) from which

3 cL we deduce P(ylc) and the classification errors eOand el.

where c L is the propagation velocity of longitu-

dinal etastic waves and v is Poisson's ratio. The It is desirable to introduce the dimensionless
experimental error r is assumed to be a Gaussian variables z = y/Cr  , C = a/a. , anln additional
random variable with zero mean and covariance C r . dimensionless paramneter c nac3/Cr/, which is

signal-to-noise ratio characterizing the observa-
Failure Process. This subsection deals with tion of elastic waves scattered from a spherical

the calculation of P(clx), the probability of the void of radius a. Another useful quantity is the
performance c, given the state x (=a) of the sig- dimensionless failure parameter
nificant defect. In the present model the only 2
type of defect that is significant in the context c = 4n sac <Q>A
of structural failure is a spherical void. As
illustrated in Fig. 4 this void has randomly posi- whose significance is given by P(1Jx) = P(IIa) =
tioned cracks distributed at its surface. With a exp(-t) when a = ac (i.e.. the void has the criti-
specified applied stress, each crack has the cal radius defined by (9)). We actually compute
potential of propagating into a large crack, sub- P(zlc) instead of P(ylc) with a scale factor in-
sequently causing structural failure. The proba- troduced into the normalization.
bility of this happening is a function of the

In Fig. 5 we present plots of P(zJO) and

Y P(zlI) vs. z for k - 3, i = 10 and r = 0.01.a These figures show the structure of the c = 0

class (i.e., the normalized population of objects
VOID that are going to fail) and c = I class (i.e.. the

normalized complementary population of objects
that are going to survive). Moreover, they show

0 
a  

the nature of the overlap of the two classes.

0 In ig. 6 We also give a Plot Of el VS. e for

the same parameter values. This is the so-caYled
a "operating characteristic" of the system. It is

to be e.mphasized again that 0 is the falsely
accepted fraction of objects ?hat are actually
going to fail. Conversely, el is the falsely re-

SS jected fraction of objects that are actually going
to survive.

Fig. 4 Failure model geometry.
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Clearly, many other naod ficat ions of (4>A ray have
greater physical justification, i. tle cast
discussed by [vans, Piswas and Ijirath. lowev.r,
the above inoditication enahl(s us to obtain rela-
tively simple results without difficulty.

We now obtain with K >> I and c << I (i.e.,
large signal-to-noise ratlu and low _jpriori
failure probability) the results

I / p(c 0) = 4r(1 i I)

\.c 1) ) 1 -cr l

• " . .. . .e, exp (- u*) I )

Fig. 5 Nature of surviving and y(O + u)
failing populations. e r (( E)

r( -i

where

r(.) s dt t'
-I  

exp (-t) (12)

is the gamma function and where

-x dt 0 - 1 exp (-t) (13)

is the incomplete gamma function. The variable U"
is defined by

• (y* 3 k/3
Fig. 6 NDE operating characteristics. u (y /acd . (14)

The above results indicate a rather poor ND[ We now consider the quantitative determination
performance due, of course, to an excessive over- of the dependence of the operating characteristic
lap of survivinG and failing populations. This upon the ratio m/k. In Fig. 7 we present a plot
overlap is due almost entirely to inherent random- of the false acceptance probability e0 vs. n/k fur
ness in the failure process remaining even when a fixed false-rejection Vrobahility el - exp (-I)
the state x = a is known with precision. However, 0.368 corresponding to u =I. This result
one must measure the width of the overlap region strongly suggests that this el vs. ey curve rovos
relative to the width of the combined popula- closer to the horizontal and vertical axes as ;i/k
tions. The latter width depends upon the form of increases, i.e., the performance of the IPf systew
P(x). The quantitative nature of these con- improves as this ratio increases. It is clear
siderations is partially clarified in the ensuing that with iri 2 the previous case with no stress
decision.

Effect of Stress Gradients. A preliminary . T- SC79399

investigation has been made of the influence of
the stress gradient effect on NDt performance. We
take this effect into account by assuming that

<Q>A depends upon the spherical void radius a. e1".p(1)-o3
Proceeding on a phenomenological level, let us
assume that 05

<Q>A = f(a'b
) a m - 2  

(5)

giving

P(c 11d) exp (-;(a/ac)m) (6) a 05 1.0 15 20

where is defined now by mt

4nn a M f( o,) .() l ig. I Dependence of false acce'tance probabilitys c on the stress gradient effect.
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lr~idlFnt effect Is obtained. In this ase the
." * ar 'p i~i only to the decreasoe of

"is % orresionds to anl increase of the width
I' hie (Fi~ti i ntld popul at ions of survi vi ng and failI- x ()

fvent s reldat ive to the wi dth of the over- Y
"If, the other hand, with k fixed, the

1 1it-W tan he brought about only by the where 0 is the azimuthal angle (in the xy-pl ane)
mr o,'i f in. This corresponds to the converse of the synimietry axis defined by the unit vector w;

fft,. i' I i'd Ion ,us t d iscus sed, i e. , t he de- and where yis the direction cosine of ;~ relative
va,,#-' i! 'he overlap region relative to the width to the z-ax is. The vector vi can be expressed it,

Lif the p~r~'i~r opulations. terms of 0 and YZas fol lCWS

I AN[PP. IM T11 A SUBCRITICAL INCLLISION ~ ( 2 1/2 csa~ sna

'We turn now to the consideration of failure INYz ( x csu+'y sn0+ Z -
due ro a sijhcritical inclusion. An exampille of k;r)
such a system is an Si inclusion in Si3N4. The

work' rvorted here is largely due to Fertig andM'eyer. Here, it is assumed that a crack is first whr x' fe aid reteonitvctr.i h
nucleated iii the interior of an inclusion of lower Creincodn~ ietos
t(Fighfless than the host. The "bottleneck" in the Measuremient Process. We assume that the rea-
failure process is the propagation of the crack srmnscnito nabtaynme flw
through the inclusion boundary into the host, a ueet oss fa abtaynme flw
process requiring a substantially higher level of frequency longitudinal-to-longitudinal bacOSCctter

apliied stress thaii that required to produce the processes. These are collectively reliresent ed by
earlier stages of crack develop~tent within the a standard stochastic mrodel of the gjeneric forri

inclusion.y =f(x) i r (3)
The geometrical nature of the model of thewhryfx adrreNitenodlvcr,

teein i s depicerintig. by easie wa seat- (but considerable attention willI he devoted to t he
terng s dpitedin ig 8.We ssme sei- case 11 1). The exact theoretical mreasurilientinfinite specimen with known ho~t material. With f(x) contains an nth component given by

Cartesian coordinate systemn partially sh own, the
boundary of the specimen is parallel to the xy-
Plane and the outward pointing normial lies in the f (x 4
positive z-direction. We assumie that the defect nx A2,L1 (*fl o' x~ 4
is an ellipsoidal inclusion (although the subse-
ipuent analysis is limited for the sake of brevity whrSt S h 5 *

to the spheroidal case) with a known included whriii sumdta oil n
madterial. We explicitly show a pulse-echo (i.e., The conditional Probability density ')Yjv) is
backSCatter) measrurerent with the incident wavethngvny
Pointed in 'he negative z-direction. However, te jvi r
additional tranisducer configurations will be con- F~~) Uy-fxC)(4d)
sidered later. yx y-fxCr

where (i( . .. )is the N-d irrvens i(Fial Cauns san prorba-
SC80-8285 hility density given by

TRANSDUCER G(Iu,C) (271)-/ Met C) exp(- -o uC u)

(4 hi)

Zfailure Proces I t i Ss Sumfted tha a m ni-

axiaTstress is aj_)pied ini the x-direction. At
A sufficiently high levels the stress causes the

I through the inclusion. We male the rather crude

A by the Flashed line AA in figj.Hal'ntr

secti ng the geoilietr i cl center oft the sphero id aid
having an (irientat ion rerjrendiciular tio the axis of
the aptI l'd stress, i.e., the x-axis. At a stifF i -

fJ i uciid nclusion gerer.ciently higher value of the arpl ied stress the
H SFhc i t ca i 1i qoriery.crack will rrojragat e frn the lower I ouqhnesll in-

clusion (e.g., 'ii) intor then higher toughness, host

State. If the inclusion trorndary is issiUvedt i~trjl('g , (o'- ''We a usuid i that lviire(F-sciFi
to he spheroidail then the state vector nelied onrly tionf for thi, ev nc IF'areiitl ejrsr '
he srhero idat then the stat!e vec tor xneled only hr, by an urn irical1ly rec at ibrat i'd ver sioFn of 5 inpl

the fnur-di-'i'nsionnal reprisi'ntat iFn of the (joq frac t Fri iec han Ics% wi th F i,,agu% %i onF ra~oil adnti I i vi

try s inc:, t he i or t Fider t iiral i s d %,,umed L flown. vair i ahlIv r,'pri'.'nli illi I hei' ith,'rent var t)hi I i ty i i
For the four -dirl--i',oiona I stt vf-cft i, we wi ItItIi r~ r rc-,

find it expedient to irs,' the form



In expl icit matheinatical terms, we assune that

the performance variable c is given by P(c olx) = J-- doF PIaFIX )

'= (Cs-d (x))) (14)

where H(.) is the Heaviside unit step function, u(
is the applied stress, and OF is the failure
stress. The latter quantity is a random variable where the function (u) is the error integral
by the random process

F  + aop s (6) (u) fu J'_dt exp (- t2) (15)

where a is the failure stress predicted accord-
ing to simple fracture mechanics, a and a are Clearly, the conditional probability P(c lix) is
empirical recalibration constants, and s is a given by
Gaussian random variable with zero mean and vari-
ance C The application of simple fracture inech- P(c 

= 
Olx) * P(c 

= 
lix) 

= 
1, (16)

anics Zi.e., the computation of yield stress under
the assumption that the ellipsoidal crack is sur- the normalization condition.
rounded solely by host material) gives

A Priori Probability Density. In the next
K several paragraphs, we discuss the a 1or pro-
Kc (7) bability density P(x), which is ,ore compl icated

Z(c'/a') I than that assumed in the previous section because
the state vector x is now fodr-ditmensional in

where Kc is the fracture toughness, a' and c' are order to characterize the spheroidal geometry.
the major and minor semi-axis lengths of the fully
developed inclusion crack, and Z(.) is a function We assume that the semi-axis lengths are inde-
defined by pendent of the angle variables. Furthermore, we

assune that the latter are distributed with axial

- u2) 2)12]- symnetry about the z-axis. These assumptions im-
Z(u) dm(l-(l- u')sin ply that

(8) )(x) = P(a,c,9,yz}

As stated earlier, we assume that the fully = P(a,c) P(3) P(yz) (ill
developed crack inside the inclusion 4s repre-
sented by the cross section formed by a plane, with
perpendicular to the x-axis, passing through the
center of the spheroid. A straightforward geo- P(9) = I (18)
metrical analysis yields the result

If the axis of symmetry (repres.nted by the unit
a' = a (9) vector wi) is completely isotropically distributed,

c' = (a
-2  

+ (C
-2  - a-

2
)w 

2
)
-11 2  (10) then we ntain

P((z) - 1 (10)

where w, is the length of the projection of w (the under the assumption that is constrained to he
unit vector defining the axis of symmetry of the
spheroid onto the crack plane. Using (2) we oh- positve. If the axis of symmetry is preferen-

tain tially nearly parallel to the z-axis-then we could
assutine d probability density of the formw 1 - (I-sz) cos2 o . (Ill

P(yz) 
= (

Equations (1)-(Ill) thus give a as a function of
the state vector x defined by . with v > 0.

We turn finally to the calculation of P(clx). Here the distribution of se:m-axis leniths is
First we observe that, according to the stochastic constrained by the inequality a ) c in order to
model (b), the conditional probability density of limit the class of spheroids to the oblate case.
0 is given by In order to imitate the a Lriori probability

density used in the last sct on, we assume
P( UFix) -G( OV - p (x). C ) (12) P'(a,c) - B g(a) h(c) (21)

where G(.-.) is the Gaussian function defined by
(4b) which in the present case is specialized to a where
case of a scalar variable, i.e.,

g(a) 
= 

( k-- exp(- (22)

G(u,(.) - (2mnC)
"
1/2 o 2 C I 

u
2 )  

(13) a a a

Using (5) we obtain h(c) ( k-I k exp k(?3cc c ~p( ( c))(
C CC
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The normalization factor B is given by (p, A, and P are the density and the two
Lame constants). The corresponding pro-

ck perties of the inclusion (Si) are assu!ed
B I + c) (24) to take the values p' = 2.340, A.'

ac 0.527, and v = 0.680.

The exponent k determines the sharpness of the 3. In the failure process the empirical
decline of g(a) or h(c) when a or c exceeds the recalibration onstants take the values
characteristic values ac or cc , respectively. a = 0.997 x 10 Pa arid a = 0.541. For

the fracture toghness nstant we assume
Combination of Probabilities. In order to Kc = 0.500 - 10 Pa cm

compute the probability functions P(y,c), P(c(y),
etc., we must first combine the various results of The purely statistical parameters Cr and C and
the previous paragraphs according to the relation the applied stress o. will be discussed laier.

P(cy) = fdx P(clx) P(ylx) P(x) (25) In the following paragraphs we present numeri-
cal results for three cases to illustrate the sep-

The calculation of P(cly), P(y), and P(c) have ardte effects of randomness and completeness in
been discussed earlier, the measurement process and randomness in the

failure process.
In terms of the functions pertaining explicit-

ly to the present case of failure due to subcriti- Case 1. One Measurement. Random Measurement
cal inclusions, we obtain and Failure Processes. In this case we consider a

single NO measurement, i.e., a pulse-echo, longi-
P(y) = fdx G(y-f(x), Cr) (26) tudinal-to-longitudinal scattering of elastic

waves with the incident propagation in the nega-

where G(.,.) is the Gaussian probability density tive z-direction. The random experimental error
defined by (4b), and f(x) is given by (4). In the is represented by the standard deviation Cr -
case of P(cy) we need consider only P(c=O,y) now 10- corresponding to a signal-to-noise ratio of
given by about 10, using as a signal standard the return

from a scatteredr with a = a , c = c , fr 1 and

1/2 9 irrelevant) It is to be stressed that the sin-
P(c=0,y)Jdx (Cz (o-u-~iop (x)))'G(y-f(x),Cr)P(x) gle measurement assumed here represents a decidely

incomplete set of measurements since the state
(27) vector is four-dimensional. In the failure

process, we assume the applied stress o =
where o(-) is defined by (15). We can use the 2.5 x 10

8  
2 and a standarg deviation of i

relation given by J12 = 0.367 x 10 Pa.

P(c=O.y) + P(c=I,y) = P(y) (28) In Fig. 9 we show the computed curves of
P(ylc=O) and Pylc=I) representing the failing and

to obtain other functions of interest, surviving populations. It is clear that the
severe overlap will yield a rather poor NDF

Computations. In the numerical computations,
we have used a Monte Carlo technique in which
quantities of the type fdx(.)P(x) are replaced
by E (.)/.' I where the samples of the state

x*.S xF'S
vector in the set S have been drawn d random in
accordance with the probability dens'ty P(x).

Throughout the computations we have employed
the centimeter-gram-microsecond (c-g-vs) system of
physical units except in the Case of stress or
pressure which is expressed in pascals (Pa). This
exception entails no difficulty because stresses
will always be divided by other quantities involv-
ing the same units.

In all computations we will uniformly use the
following assumptions and parameter values.

1. A Pron statistics are partly defined by
theassunption that the angular distribu-
tion of the axis of symmetry, defined by
w, is Isotropic. i.e., (18) and (19) fig. 9 Probability densities of failing (cl)
hold. It is further defined by assumning surviving (c.1) populations vs. 4I)
the distribution of semi-axis lengths are measurenent y.
given by (21)-(24) with k - 1, ac .0.a325, and cc  0.0015.

performance as indicated by the plot of false
2. The material properties of the host rejection probability el vs. false acceptance

(SIN 4 ) are assumed to take the values probability e0 shnwr In 1Ig. 10. The poor
3.200. 1 1.586, and u = 1.250 performance Is associated with three factors.
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incompleteness in the set of measurements, It is desirable2 tV add d few clarifying
randomness in the measurement process, and remiarks concerning Lne effect Of an iurC0I7Ipl e
randomness in the failure process. The two ;;iedSureiiient set. A deteri;itic ntI measure,,t-it
rtemaining rasP, will throw somne light on this model.............afthe rrl!,i4,n
matter.

P(ylx) .5(y-f(x))

10SC80-8284 holds, i.e., a given Value Of the vector x immpl it-,
a unique value of y. This result holds regardless1.0of the diimensionality of y relative to the dim'me'i-
sionality of X and it is obviously val id when y is,
scal ar. However, in the Present Case of an incom'-
p1 ete measudrement set onelCcannot ma1ke analogous
statements concerning I'(xly). Hfere a given value
Of the scal1ar y does not impl y a unique value of
the four-d imensi oial vector x, hut only a uniquem

60.5 three-dirmensi ondl subsilace. Thus here P'(x 'y) is
approximately proport ional to P Cx) with a COn-
St ra int that x lies in this SUbsa)ce. More pre-
cisely P(xly) is givon by

P(x~y) -P(y!v) P(x)/F'(y)

0 - 6(y-flx) ) ;(x)I')y) ~ 30)
0 0.5 1.0

60 With P Cy) playing the role Of a normal i Za ii ci com-
stant. It is obvious that if '(v) is sharply

Fig. 10 NDt operating characteristics, leaked in this suhsjpace (definedf by f(x) - y) 1, hen
the lack of commpl eteness in the mleasurerient set
does not lead to a serious (legrodat ion of NNH per-

Case 2. One Measurement. Dleterministic formance.
measuremnent and Failure -Porcesses. Here we con-
sider again a single mleasuremrent of the same kind Case 3. Complete Measurement Set.
as in the last case. However, for the sake of Deterministic Measurement Process but a Paridomi
understandina we eliminate the randomness from the Failure Process. In this case, We asSUme? a Siy-
measureimient and failure processes by setting the nificantly large diversity of very accurate mcd-
variances C CS 0. The resul tant NDt perfor- SUremnents that the measurement vector y impl ies (
malice (hyp Io~hetical) is given by the el vs.- ec unique estimate of x, namely (y), with a neg-
plot in Fig. 11. Although there is a marked 1 igible a posteriori variance (muore Precisely, a
improvement in the performnance, i.e., the curve covariance Matrix Cov(xJy), whose eigenvalues are
has moved closer to the horizontal and vertical sufficiently small in an appropriate sense). Th is
axes, the performance is hardly what one would means that we can write
expect from a perfect system. This is due, as one
'ight expect, to the serious incomxpleteness of the Pcy ~l ~).(1
measuremient set. Incidentally, the lack of Pcy ~~ ().(1
smoothness of the curve is due to the relatively or, in mnure explicit terms
small fraction of Monte Carlo samples that
actually affect the final answer.

SCSO 8300 '(c=0y) - (c 1 1 ( -az p(x(y)))) (3R)

where ( .) is defi ned by (15). In the damage pro-
cess, we assume I e same Standard deviation as in
Case 1, i.e., C H .30 3f 10 I'a, but With a
somewhtth igher appl i ed st ress , i .e., c
3.', It10 Pa.

The resul tan 1 lot of el . vs. - 0, t he NI
operating ciiaracteristir. is Present i'd in
f ig. 12. This highly atlSfdCtory result demnon-
strates Clearly that randomness in the present
fail Irev proces-,s ( ta i lIure 1i1mi I iat fd iin s ubcr i ftdal
inclusions) is not a sigInificant contributor tom
the degrilat ion of '401 pert onianile. In order Ito
.nderstand the relative contribut Ions of imcjoo-
tot eness andl ranlmimnes', in the measuremeni pro-

cess , it. wouild be interest ing to investigate the
C, L0 case in which the mIca surement set is compl ete but

10r a nml m r , ti he f (Mm , f -:eS roUt- iii cI f I OF I C e-
(I' i ! . fecaseof excessi v v c omlmmt at t onalI at)mor

r ig. 11 NPt oferatinq characterist ii this has nt yet been dimne.

"4



of d crack propagating from a lower-toughness

inclusion into a higher-toughness nost. In each
case we ;-sumed that the ND measurements consisted
of a set of low-frequency, L-to-L, pulse-echo
,.dtteriiig r:eaurenents (it is understood that a
set composed of a single measurement is an admissi-
ble special case). The analysis of failure in
ceramics is especially simple because to a high

SC8O-8126 degree of approximation there is no slow evolution
1.0 I-- -I of failure (e.g., like fatigue in metals) before

rapid catastrophic failure occurs. Thus, here the
probability of failure depends, in the case of a
uniaxial arp<ied stress, only upon the maximum
positive (i.e., tensile) stress applied during an
appropriate time interval. In present treatment,
we regarded this maximun stress as a parameter
with an arbitrarily specified value.

The problem of estii'lating the conditional
probability of failure for the two kinds of fail-

05 ure mechanisms in ceramics has been investigated

with the aid of synthetic (i.e., theoretical) ND
measurement data. The operating characteristic
(i.e., the plot of false rejection probability vs
false-acceptance probability) was determined tor
various combinations of parameter values. 't is
noteworthy that the unconditional failure p.)ba-
bility (i.e., the fraction of the total population
that would fail under the assumed applied stress)
had very little influence on the operating ciarac-
teristics, thereby reinforcing the notion that

0 these curves reflect the increnental value of NDL.
0 0.5 1.0 Calculations conducted for the case of voids with

e0 peripheral microcrdcks, without stress gradient
effects taken into account, yielded operating
characteristics that were ratler disappointing, a
feature that was due in most cases almost entirely
to randoianess inherent in the failure model. low-
ever, the calculations carried out for the case of

Fig. 1? Operating characteristic, subcritical inclusions yield very different
results. We obtained pour and good operating
characteristics depending on the degree of coin-

DISCUSSION pleteness of the set of ND measurements. In all
cases, the degradation due to randomness in the

We have set up i complete formalism for the failure model was very minor.
c,ilculation of P(cly(, the probability of perfor-
,ance (failure or survival) of a structural compo- ACKNOWL[DGEMENI
nent given the results of ND measurements. With
the definition of a suitable loss function giving This research was sponsored by the Center for
the costs of wrong decisions, an optimal accept/ Advanced NDV operated by the Science Center,
reject decision procedure was derived. With the Rockwell International, for the Advanced Research
inclusion of P(y), the probability density of NO Projects Agency and the Air Force Materials
measurement results on the entire population of Laboratory under Contract No. F3361
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to calculate the so-called operating character- RLFIRLNCUS
istic, the plot of the probability of false-
rejection vs. the probability of false-acceptance 1. A. G. tvans and J. M. Richardson. "Non-
for all possible loss functions. This curve pro- destructive Failure Prediction in Ceramics."
vides a unique characterization of the behavior of talk given at the 830th Annual Meeting of the
the NOL system Independently of the loss function American Ceramic Society, Detroit, Michigan,
and a 2ri-uri component performance probability. May 1978.

The discussion here involves a basic approxi- 2. J. M. Richardson and A. G. Ivans, "Accept/
nation, namely that the most significant (from the Reject Decisions and Failure Prediction for
standpoint of the probability of causing failure) Structural Ceramics: Application to failure
defect is considerably inore significant than the fron Voids," to he puhlished in Nondestructive
combined effect of all of the remaining defects. I valuation.
The specific application of this formalism was to
the case of brittle fracture in ceramics. We con- 3. A. C. Ivans, D. P. Rlswas and V. M. lulrath,
sidered two kinds of defects: voids dri suhcriti- ".'incp I ffects of Cavities on the fracture of
cal inclusions. In the first case, failure is ceraics," J. Ain. Ceramic Soc., in pres's.
associated with peripheral mlcrocracs, any nne of
which may propagate to failure. In *he ,,,cnnd 3. 1. W. fertig enmd W. 1. Meyer, )irlvate comuni-
case the failure is connected with the possibility cation, 1971/.



LONG WAVELENGTH ULTRASONIC CHARACTERIZATION
OF INCLUSIONS IN SILICON NITRIDE

L. A. Ahlberg, R. K. Elsley, L. J. Graham, and J. M. Richardson
Rockwell International Science Center

Thousand Oaks, California 91360

ABSTRACT

The size and material content of Fe and Si inclusions in Si3N have been measured by means of pulse-
echo scattering of elastic waves in the frequency range 5 to 100 IHz. The inclusions were of 100 om and
400 i~m nominal diameters and were located 3 mm deep in the Si3N4 . The electronic noise was reduced by
signal averaging and, in some cases, the noise due to grain scattering was reduced by averaging over
transducer position. The scattering amplitude A) and the impulse function R(t) were obtained by a
desensitized deconvolution of the reference waveform obtained by reflecting the transmitted pulce fromn
the back surface of the sample in a defect-free region. Comparison of theory and experiment are given
for A(.w) and estimates of flaw size and material content are presented.

INTRODUCTION
...... ,...

Silicon nitride and other ceramics have a
greater fracture strength at high temperatures
than do metals. They are, therefore, candidates
for use as turbine blades in new high temperature
turbofan engines. T T ,acture strength of sili-
con nitride in known to depend not only on
the size, shape and orientation of inclusions it
contains, but also on the material an inclusion is ... . L
made of. For example, the critical flaw size for
an Si inclusion in hot pressed Si3Ng is.40 cm
whereas for an Fe inclusion it is 1SO im and a WC
inclusion reduces the fracture strength of the
bulk Si3N 4 hardly at all.

The most promising method for detecting and Fig. I Elements of the experimental program.
characterizing these defects is ultrasonics.
There are two experimental ultrasonics tasks being extract features which are a consequence of the
performed in parallel under this program. These characteristics of the defect and then using thes.,
tasks are roughly divided into the two frequency features in an inversion formalism to obtain a
regimes where the ultrasonic wavelength is small probabilistic defect descr ption.
compared to the defect size (Stanford, described
elsewhere in the proceedings) and comparable to or Specimen Characterization. Hot pressed Si3N4
large compared to the defect size (Science Center, speci'mens containing specified inclusions were
reported here). This is natural division both in ordered from Norton Co. for use in developing the
terms of the experimental techniques required and ultrasonic defect characterization techmiques.
the wave scattering theories used to interpret the Ten each of I in. diam. x 1/4 in. thicK specimens
ultrasonic waveforms. The same set of silicon containing Si, Fe and C inclusions 100 im and
nitride specimens containing defects of various 400 im in diameter were ordered but 16 of each
known sizes and types are being studied in each type were delivered. Only a few specimens of ach
task as well as by acoustic microscopy (Sonosan, type met the specified density of , 3.2U gm/cm" as
also described in this proceedings). It may turn seen in Fig. 2. Each of the 96 specimens was
out that elements of all of these measurements are carefully packaged and labeled to retain its
required to characterize the defects. individual identity. Master lists were maintained

showing the correspondence between specimen
A third task (also described elsewhere in this numbers and the specimen density, thickness, wave

proceedings) considers the statistical aspects of velocities, and de:fect locations as this informa-
the ultrasonic flaw characterization, flaw distri- tion became available.
bution, component stress history and the conse-
quences of falsely accepting or rejecting a compo- Instrumentation. Some instrumentation development
nent in formulating a probabilistic accept/reject was required to exteid present ultrasonic capa-
criterion. bilities to higher frequency and greater sensi-

tivity. First, a scanning liquid hath system was
IRPFRIMNTAL PROC.FWIlRF designed and constructed to accormnodat, two trans-

ducers, both of which are able to be positioned at
The overall experimental approach, described an angle with respect to the specimen surface.

in Fig. I, required obtaining and characterizing Also, the specimen is mounted in a gonlometer so
seeded specimens, developing measurement capa- all sides of the defect may be observed.
bilities, ana izing the experimental data to Secondly, new techniques have been devised util-



-.. ........- transducer goniometers (G). Transducer holder E
----------- can also be moved away from holder "D" by its own

separate holder, goniometer device (F). Knob "H"
.. - . . - is a positioning knob to insure that the trans-

ducers are normal to the specimen in that plane.

"T" is the arm which is mounted on the x, y
. . .. . . scanning device and is able to move in the "z"

direction. Computer controlled scanning in raster
. .. .. , • .steps as sm all as 25 wm can be accom plished using

focused or unfocussed transducers in either the
.. .pulse-echo or pitch-catch modes. This system was.... Iprepared for use in the 100% volume inspection of

, " I .. . .the critical regions of Si3N4  turbine blades. The
present measurements on the seeded specimens were

'  
made, however, using only contact transducers in
pulse-echo at 0

° 
and 150 incidence angles.

" .Broadband Transducer System. In the past, a
modi .fi ed Panametrics pulser-receiver was used for

Fig. 2 Distribution of densities among the the detection of the defects. This system,
hot pressed Si3N4 test specimens. however, has characteristics which can be greatly

improved upon. First, the receiver amplifier has
izing unfocussed broadband pulser-transducer- an upper cutoff frequency of 35 MHz which does not
buffer combinations using lithium niobate trans- allow the characterization of flaws , 275 microns;
ducers and fused silica or 6061-T6 Al (aluminum) secondly, the transmitter pulser has restrictions
buffer rods, and pulsers using transistors on its rise time; and third, the use of long,
operating in the avalanche mode to deliver high unmatched (up to 4 ft.) coaxial cables can result
voltage delta function pulses to the transducers. in unwanted reverberations in the transducer

signal at higher frequencies which can give
Scanning Bath System. The x, y scanning system is erroneous results in the characterization of the
showwnscematTc aTTyin Fig. 3. The specimen is defects.
placed in the immersion tank (A) which is mounted

To solve these problems, pulser-transducer-
buffer systems were constructed that were mounted

z in a manner to minimize circuit inductance and
y designed to match 50 ohm coaxial cable with 50 ohm

attenuators and broadband amplifiers. The pulser
is a transistor operating in the avalanche mode

x whose circuit layout construction uses high

frequency strip line techniques (i.e., all leads
are very close to ground planes and have parallel
plate construction). The lead to the transducer
is kept as short as possible and is the major
source of system inductance. However, the
resonant circuit consisting of the transducer-
system capacitance and inductance is heavily
damped and does not seem to cause any problems
(Fig. 4).

G

Fig. 4 Pulser-TR switch schematic.

Fig. 3 Ultrasonic goniometer for one or two The pulser can be tuned to the transducer by
transducer immersion testing on the changing the discharge capacitor (C) and the
x-y scanning table. resistors R R R 3 are altered to give a 50 ohm

output impedance. The attenuators and amplifiers
on a goniometer (B). Transducer holders (DE) are are wide band (attenuators have 0-1 Glz bandwidth
able to be positioned at an angle with respect to and the amplifiers are 5 MW to I GHz with - 30 db
the specimen. These angles are measured with the gain) with low noise figures (4.5 db).
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Because of the limited bandwidth of any single
transducer, several had to be constructed to cover
the required frequency range. The reason for this
can be seen in Table I where the range of frequen-
cies corresponding to 0.2 < ka • 3 are shown for
various defect sizes within the range of interest.
Because ka, rather than frequency determines the
nature of scattering from a defect, transducers
suitable for a 400 um diameter defect are unsuit-
able for characterizing a 40 wm diameter defect.

Table I
Frequency (MHz) - ka Correspondence

For Typical Defect Diameters

/\

d (ju) 
VALUESOF ka

0.2 1 3

400 1.6 8 24

200 3.2 16 48

100 6.4 32 96 -__,,'_ -

40 15.5 78 235

Table 11 lists the transducer-buffer combina-
tions which were constructed and used in making
the measurements. In most cases they were made by
bonding a longitudinal lithium niobate crystal /

onto the end of the buffer rod, lapping the
crystal to the desired thickness (resonance
frequency), then providing an electrode and '-/

backing material for critical damping to increase
its bandwidth. The buffer length and electrode
diameter were chosen so that the defects in the Fig. 5 Examples of Transducer
seeded specimens would be in the far-field radi- characteristics.
ation pattern of the transducer over its frequency
bandwidth. Figure 5 shows the characteristics of Measurements. Several specimens of each typ, were
two of these transducers, obtained by a pulse echo scanned and the coordinates of any ultrasonic
measurement of a plane reflector. A matching 15

°  
indications above the noise level we,'v compli,?d.

aluminum wedge was bonded to the face of the The number of indications ranoe from 0 - 14 pfer
40 MHz LiNbO-buffer combination to get the plane specimen. No indications were observwd in tn,
surface reflection shown in Fig. 5. samples containing carbon inclusions. This coull

be due to conversion (during the hot pressing) ,)f
the carbon seed to silicon carbide which has d

Table II similar acoustic impedance to the host matrial.
Transducers and Buffers Which

Have Been Constructed For the strongest indications, a variety of
measurements were conducted. The measur,_,;nents
include normal incidence pulse-echo scans acrs

,

the defect at close-spaced intervals (< U., min),
Iv I'A| I 0 HE0f( Ell MAIf WI., l t 11 and measurements at 30 incidence with the sample

'_____. ....... being rota'ed to 0, 90, 180, and 27U degree

I' azimuthal angles using the Al wedge transducer
,, , .buffer system. Experiments were conducted on both

1,, o 9 " sides of the sample. Figure 6 shows the raw
. . o. 'I waveforms for a 100 , m Si inclusion and a 403 ,in

1 2, Fe inclusion, respectively. Note that, as
expected, the echo for the larger flaw has a
longer time duration.

. , ,,.,'..',, Data Analsis. Tw. fetures weeextract-d from

each waveform: A ? and d. - They are
derived from the iow and intermediato frequency
portion of the scattering spectrum. The reason
for this choice is that for flaws which arce as



iteratively arrives at eWe .St .' t
o0'-I I,.,, DI.- S, scatterer geometry and typ. ji." tw, 'pjt

0 02 data. Appropriate confilene dlsjrS dr'6 d15J
o - 9fA _ included in the output.

32
- I -. The inversion algorithm can bhe used in either
Z of 2 different methods. In the first, only one

Joe, 070 0 normal incidence pulse echo Ineasurement of the
TWt 000 flaw is performed. This is the data that would be

available if a part were being rapidly scanned.

, .0 In the inversion algorithm, the assumption is made
_ that the flaw is spherical and the algorithm
- estimates the radius and the material content of

- - the flaw. In the second method of using the
Salgorithm, a set of pulse echo measurements from

J- -' various angles are made, as would be done in a
, - detailed inspection of a suspected flaw. The

12u 0 j0 resulting set of A2 and d pairs is input to the
-, us, inversion algorithm and estimates are made of the

Fig. 6 Measured waveforms for 2 size, shape, orientation and material content of
inclusions in Si3N4 . the spheroid which best fits the flaw. General-

ization of the algorithm from spheroidal to
ellipsoidal geometry would be straightforward.

irregular and spatially and chemically inhomo-
geneous as inclusions in Si3N4 are known to be, RESULTS
the high frequency portion of the spectrum will be
dominated by fine structural details of the flaw Comparison of Measurements with Theory. Figure 7
whereas the overall size and material properties hows--tTe6 -tfc-aT-Ty-Tt- rduen-cy (ka)
of the flaw will be easily accessible at lower spectra and impulse response functions for
frequencies. spherical Inclusions of Si and Fe in Si3N4 ,

respectively. A2 describes the parabolic region
A2 is the coefficient of frequency squared in of the frequency curves below ka = 0.5. In. each

the long wavelength (ka << I) regime. In this case, the impulse response function shows a front
regime, A completely defines the scattering of surface echo as well as miscellaneous later
ultrasouni from the flaw in a given direction. echoes. In the case of Fe, the front surface echo
Therefore, by combining the values of A2 for a Is small and the late arriving echoes extend well
variety of directions, it has been demonstrated beyond the right edge of the f.gure.
that it is sometimes possible to obtain estimates
of the M e, shape and orientation of the
defect . In addition, the sign of A indicates
whether the acoustic impedance of the flaw is S

' ' 
06 no.r

greater or less than that of the host material. 024.'

The second feature which is extracted from the .06 / \ o.
data is "d" which is an estimate of the defect I
radius in a given direction obtained using the one
dimensional Born inversion algorithm. The Born
inversion uses the intermediate frequency (ka-1) 0(2

part of the data as well as the low frequency 4o, , . .. , .

phase data.

The extraction of A and d was performed in 4..
the frequency dom?17, although equivalent time
domain algorithms can be written and may prove
more efficient computationally. The raw waveforms
have had a reference waveform from a flaw-free
region of the sample subtracted from them, and
have then been Fourier transformed. The spectrum
of the incident pulse was then divided out of the C
measured spectrum, yielding the normalized spec-
trum. A2 was extracted by plotting the spectrum
in a log-log manner and finding the intercept of Fig. 7 Scattering calculations in the
the slope-of-2 region. d was extracted by time frequency (ka) and time domains
centering th 4 pectrum using the low frequency for spherical inclusions in Si3 4 .
flaw center,?4 applying the Born inversion, and

estimating radius as the area of the character-
istic function divided by its peak. The first notable observation about the data

is that for 2 different 400 pm Fe inclusions,
Inversion. The inverse problem of finding the there is no detectable front surface echo.
f-Wa properties given the measured features I) Although the expected front surface echo is small
handled by a statistical inversion algorithm.'

8
) for an Fe inclusion, it should still have been

The input data consists of one or more pairs of A2  detectable. A likely explanation of this is that
and d. By makinn use of the ability to calculate the very irregular front surface of the flaw will
A2 for any spheroidal geometry, the algorithm not specularly reflect the high frequency
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components of which the front surface echo is smaller flaw. The measured flaw spectrum seems to
largely composed. This should not appreciably be-more like the windowed (front surface echo
affect the low frequencies for which the wave- missing) spectrum. However, remember that the
length is larger than the scale of the irregulari- theory curves are based on the nominal size of the
ties. The complete absence of a front surface flaw. The photomicrograph of this flaw after
echo suggests that some other as yet not under- sectioning (see Fig. 11 and accompanying discus-
stood mechanism may also be present. For the sion) leaves open the question of whether there is
100 Pm Si inclusion studied, the incident sound a systematic lack of front surface echos in the
pulse is not quite short enough to allow us to low frequency regime. In the absence of more
determine if the front surface echo is missing. definitive evidence, we have done the flaw charac-
However, if it were missing, this would have terizations assuming the presence of the front
larger effect than in the case of Fe. surface echc.

In order to explore the implications of a Determination of Flaw Size and Material. The
missing front surface echo, we have calculated the -inveorsic rtAihm requires as inp-u-ts--che set or
frequency spectra expected for spherical inclu- sets of A and d, a priori error estimates for
sions if the front surface echo is windowed out of them and ihe list of_can(iTdate inclusion materials
the impulse response of the flaw. Figure 8 is a to be considered. By observing the sign of A
composite presentation of these comparisons. It the algorithm can immediately limit its consiera-
shows, for 100 cm Si and 400 pm Fe inclusions, tion to those candidate materials whose acoustic
various frequency spectra and, below them, the impedance is on the same side of the host
deconvolved impulse response of the measured data. material's acoustic impedance as that of the fla.
The solid curve in the frequency spectra is the being measured.
normalized spectrum of the measured waveform. The
dished curve in each case is the calculated spec- The output of the inversion algorithm is
trum for a spherical inclusion (including front presented graphically in Fig. 9 and 10. These
surface echo). The dotted curve is the calculated figures show the joint probability of flaw radius
spectrum with the front surface echo windowed out. and flaw material plotted vs radius. Therefore,

.... each curve is the probability of the flaw having a
- -~-. given radi us assuiing that the flaw is made of the

S-.. " '{ given material. The area under each curve is
-- ~therefore the probability of the flaw being made

-,o . of the corresponding material. These probabili-
ties are listed for each curve and are the basis

S, -for deciding which material the flaw is made of.
__ ... The results uotained from these plots are

summarized in Table 11.

Table III
Results

'4i

.4,-. ... .......

• '*, i

Fig. 8 Comparison of measured and theore-
tical spectri (with and without front
surface echo windowed out); decon-
volved impulse response functions of
measured data.

For the case of Fe, the small size of the
front surface echo means there is little differ-
ence between the two theory curves. The measured
spectrum agrees reasonatly with the theory. In
the case of Si, the spectrum is greatly affected
since about half of the impulse response has been
windowed out. In particular, thp windowed spec-
trum looks like the unwindowed spectrum of a
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Figure 9 contains the results for a nominally Figure 11 shows a photomicrograph of this Si
400 pm diameter Fe inclusion. Method 1 (one pulse flaw after sectioning. It is revealed to be 2
echo waveform, assumed sphericity) was used. The very inhomogeneous regions close to one another.
probability of the flaw being Fe is 71% and the The observed radii are seen to be less than the
most likely diameter is 410 Pm. This estimate is nominal 50 radius of the Si seed, due no doubt to
within 3% of size determined by destructive the dispersing of the original spherical seed
examination. which occurred during hot pressing. Both methods

of analysis estimate a 26 trm radius in the direc-
I I I I I I I w tion perpendicular to the plane of the photograph,

where an exact measurement is not available.
FE 71 However, judging by the lateral radii visible in

- the photograph, these estimates, together with the
33 Pm lateral radius estimate, are somewhat low,

- but are probably within 40% of the correct values.
This result is gratifyingly good, considering how

- much the actual flaw differs from the simple model
flaws upon which the analysis is based.

WC

I A-

RADIU ... .

Fig. 9 Joint probability of flaw type
and radius for nominal 200 pm
radius Fe inclusion.

Figure 10 shows the probability curve for a
nominal 100 Pm diameter Si inclusion treated by , ,
method 1. The probability of it being Si is 60%
and the most likely diameter is 52 vm.

Fig. 11 Photomicrograph of nominal 50 Pm
radius Si inclusion showing 2
separate and very inhomogeneous
flaw regions.

I 60 Two comments are in order here. First, for a
pair of flaws interrogated together, a radius
estimate based on A2 alone should increase only by
the sixth root of 2. Also, the radius estimate
from the Born inversion for normal incidence
should be little bigger than for each of indivi-
dual regions alone because of their positioning
next to one another. Secondly, recall the lack of
measurable front surface echo mentioned above and
the large effect it had on the frequency spectrum
of Si inclusions. Because the spectral features
are offset to higher frequencies when there is no
front surface echo, this would lead to underesti-
mation of A2 and d and therefore to underestima-
tion of flaw size. It is possible that this is
occurring here.

0 10 20 30 40 50 NCLUS1ONS

RADIUS m It has been shown that we can determine the

Fig. 10 Joint probability of flaw type size and material content of inclusions in silicon
and radius for nominal 50 wm nitride with reasonable accuracy by using as few
Si inclusion, as one low frequency pulse echo ultrasonic wave-

form. The material of which the inclusion is made
Another set of results for the same Si flaw is identified correctly from among a small set of

are given in the table, this time using method two likely candidates. The flaw size was accurately
(several measured wavefo'ms). The flaw is again estimated for a large (400 pm) Fe inclusion and
called Si and it is estimated to be slightly somewhat underestimated for a small (100 vm) Si
oblate (26 pm x 33 um) and slightly tilted (40) inclusion. The causes of this underestimation are
fror u the surface normal, under investigation.
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the host material itself. If the host material is

I- porous or has large grains and does not meet frac-

ture strength requirements, there is no point in
looking for isolated defects and attempting to
characterize them. For this test, we carry out a
propagation loss measurement vs. frequency, as de-
scribed in an earlier publication.

4

The most important development in the last year
has been to calculate the exact diffraction loss for

all ranges of nonalized distances from the trans-
ducer. This loss -an be written as

jk . .(Y js
2

y/47,dy (1)
I 2e-kl e 

y  
]

<po>0 y

where <p>, <p-- are the average values of the
pressure over Yhe area of the output transducer at
a distance z , and at th -input transducer,

respectively. S z /a where a is the
transducer radius, k is the wave number, and
J](y) is a Bessel function of the first kind and
first order.

The diffraction loss L is therefore

'Pl. (2)
L = 201og -- -

' ...- I I L Fig. 1 shows a plot of the diffraction loss versus

2 o S , for S varying fron 1 to 100 . When the

Fig. 1. Loss of power due to diffraction between medium! is anisotropic, the loss can be found simply
two identical piston transducers of radius a s a by changing S to (1 - 2b)S knere h is an
function of their distance apart in units of a /, anisotropy coefficient defined as

1. Time domain averaging. (C3- C1- 2C4)(3 4 (

2. Space domain averaginq. 33 - '13 -2 44 )(C3  13 ) 3)

3. Wiener filtering.
'4. Propagation loss correction. 2C33(C33 - C44)
5. Diffraction loss correction. tor a material with hexagonal ,yriletry," such as

Time domain averaging consists of reading the sapphire (the buffer rod), 1 - .16 . For isotropic
signlTNtittlaint aertain csison, tedn tkig materials, these formulae are reliable for S - 1signal N times at a certain location, then takingl provided ka ,- 10 . For anisotr'opic r aterials,

the average of the sum of the N signals. The however, the accracy f the ormiula is letter

amplitude of the signal from a defect relative to fhr S 1 .

random noise is improved by %Y. Space domain
averaging consists of reading'the signal at N dif- We repeated our weasureents of propagation
ferent locations on the sample, then taking the loss in hot pressed NC 132 silicon carbide and at
average of the N signals. The criteria for the different locations in the same sample. Fig. 2
maximu, step over the sample is to keep the signal shows the results of sorne of these measurements.
from a defect almost constant, i.e., the defect is The loss i' about 3 (1/cm at 3110 Mhz and fol-
kept within the radius of the beam. This Lype of lows an f dependence, as would be expected front
averaging imvroves the signal-to-grain scatteringnoise level,.a Wiener filtering is a deconvolution Payleigh scattering theory. The value of the pro-

noselve. Wine ilein s dcnvltin pagation loss at 300 MHz and the f4 dependence
scheme used to remove the effect of the transducer weretionsst Mhz ndt e fsidepnden-

respnse Ths tchniuewhih hs ben dscrbed were consistent for good hot-pressed silicon ni-
response. 'his technique, which has been described tride saples. In a later section, we will discuss
in the previous report, consists mainly of dividinq our result' on srme "had" or lossy samples. It will

the received signal by the impulse response of the he noted that, especially in the lower frequency
transducer while taking account of the presence of ran,12, it i,, vital to corret for diffraction.
noise in the system.

1  
Propagation and diffraction

loss corrections take care of acoustic beam S,tterin_Theory - The type and size of defects is
spreading and propagation loss through the host determined by comparing their back-scattered power
material itself. By using the techniques described, etra to toy.rThe theoreiacaluatios

we have been able to improve the signal-to-noise for various types of spherical inclusions in a

ratio in the system, and look at the impulse re- silicon nitride host o 'atriv were (alculated using

sponse of defects separated fromi the effect of the the theory developed by ein e and roullte 1 n g

transducer and the propagation media. Johnson and Truell,7 usinq te(hniques similar to

thosr. of Vi(hardson and C(ohen.
8  A POP 11-34 mini-Proj)ajjatigon _ .L o s _S Measuwreme-ntv - One important step computer was u,ePd to (arty ,ut the r al(ulation,,.

in the NOE of ceramics is te evaluate the quality of
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We found that the time taken to calculate the back- periodic back-scattering structure. On the other
scattered signal versus ka (where k = 27/, , hand, a wave can propagate through the middle of the
and a is the radius of the defect) took about inclusion and be scattered from its back surface as
8 min for 9 < ka < 20 . For 0 < ka < 100 , either a shear or a longitudinal wave. The return
the time taken per inclusion was roughly about echoes interfere with each other, thus giving rise
1 hr . The results for such calculations are to a far more complicated form for the scattering
shown in Figs. 3a, b, and c. cross-section as a function of frequency.

dllcm
io / VOID

9 ( Sample: S i AN ( 1C0 
0 .7 -

8 1 &. 2a are total attenuation coefficient
at location I nd 2. rensectiely 0.6

7C (incluaing difracto" )os$)

R lb. 2b are attenuation coefficient of
the sampe at locatlons J and 2. 0.5

respectively

f 4 0.4

0.3

2.. 0

1 10 2 0

ko

/ Fig. 3a. The scattering cross-section frow a
1C void in Si3N4 as a function of ka

I- Fe
7 I

__Zi -, 
2.1

Il
]b

2- ?bj I 1.05L'I

- I of ( ,W o 0.21
I.2 

001

Fig. 2. Attenuation measurement at two different ke 1O 20

locations.

Fig. 3b. The scattering cross-section for
It is convenient to plot the theoretical Si3N4 as a function of ka

catLiinq versus log ka l log k + log a . Then,
is unknown, as it would be in an experi- The time domain impulse response of the
.he comparison between theory and experi- defects has been calculated by inverse Fourier

:an be made by directly overlapping the ex- transforming the calculations of Fig. 3 into
pe ,...ntal and theoretical curves, and finding the time domain. A cosine squared window centered
a from the position where they overlap, at ka = 10 and equal to zero at ka = ( and

ka = 20 was multiplied by the frequency response
It will be noted that the scattering signal before inverse Fourier transforming in order to

variation with frequency, denoted by the full line limit the time domain response, and give the
curves, is much simpler in form for a vacancy than pulses a shape like a real transducer response.
for an inclusion. The reason is that the in- The results of the calculations are shown in
clusion has associated with it several types of Fiqs. 4a, b, and c.
resonances. Put another way, the vacancy gives
rise to a back-scattered echo from its front By examining the time domain responses in de-
surface, and a wave which can propagate around the tail, it is possible to compare the results with
surface and interefere with the echo from the simple optical ray tra(ing coni-' 'V. ,/11d dete,-
front surface, thus (living rise to the quasi- mine the types of waves that contribute to the



impulse responses of the defects.
9 

The various Ieasuring the distance from the back wall to the
waves are shown schematically in Fig. 4. It is mirror image of the defect with respect to the
obvious from Figs. I and 4 that different inclu- back wall.
sions give rise to different return echo responses
in both the frequency and time domains, thus Fe
making it possible to differentiate between dif-
ferent types of defects. It is also obvious that a
void can be directly differentiated from inclusions
because its spectrum is very flat with frequency,
i.e., there is only a strong return echo fro its
front surface. CThus, it is'simple to classify ;it
defects as to whother they are voids or inclusions.

I Si
-F2 0 2 8 10 12

ij. 4[. '.-lative scattering flross-se ctiw. frui
Fe as a rxl(tiof of tifrlw.

Si

10 20

Ira0

i e ctter'i rc- pctiu t,.

-4 10"1 1J; - O [' i iq. 4c. Relative scatterinqi cros,-sectiun f "ul
iJ as a fanction of tiai ke.

If tihe defec.t is ail inclus.ion, we way u,
the signal processing schemes described above to
compare the back-scadttered spectvui, cf the f1lw
to theory and decide on its type and iie. Ini our
effort,, to confirvi the theory with sa111I)les havenw:
seeded defects, a new problem arose: the seeded

Fiqi. 4a. Relative scattering cro~ss-section froii samples are usually porous resul-ltn(I in a 1 a -qea void as a function of time amount of back-scatterinq from grain boundaries

and, of course, a large aniount of propadgation los,.
If a defect is a void, it is typically not in certain cases. The effect of thi, grain ,at-

Possible to detect the second echo due to the leaky teriny is that the resultant noisy siqnal tenld,) to
wave propagating jround it. This we believe is ob)scure the front face echo, which is relatiwv ly
due to the fact that the inside surfdce of the weak compared to the hack face echo. It, somle (a',(,e
void is rough and scatters tho circumferential space averaging enabled us to reduce the effec-t of#
wave before it reaches the transducer. The size of grain scattering and isolate the front. face echo.
a void is then detemined frori a measurement of Irn,,on other, cases , this was not possible, and we
the echo armplitude. Another distinction to ho ma"de had to decide on the type and si7P of inclusion.,
is whether d void is a "wvolulletri(c" void or a flat usinq the defect back-face echoes only.
crack. This ir, typically done by measurinq the
thickness, of the void either by measuring it', We simulate this case( in the theory by qlatin~i
locadtion froi;. the two sides of the 'ample, or by out the specLular reflection from the front face in
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the tinie domain, then Fourier transforming the results, we can clearly conclude that measurements
remainder of the signal into the frequency domain. of density, velocity, and propagation loss give
The results of this calculation are shown as dashed direction information on the quality of the material
lines in Figs. 3a, b and c. Notice that as there and could be used to improve the manufacturing
is no longer interference between the back-face process before proceeding to look for isolated
and front-face echoes, the high-frequency ripples defects.
(as a function of ka) are removed. The modified
spectra differ for each material, and so allow flaw Many isolated defects were found in the
identification. samples tested. In sample #2, 23 defects were

found in an area of only 2nin x 3ni . In the lossy,
Results - We used a number of seeded NC 132 silicon inhomogeneous samples (#67, 86 and 931, far fewer
nitride disks to confin our theory on detection defects were found because of the excessive pro-
and characterization of defects. The samples were pagation loss. This limits our sensitivity and
seeded with iron (Fe), silicon (Si) and carbon (C) obscures the back-scattered signal from defects in
inclusions. The sizes of the inclusions were the back-scatter signal from the pores. in all
either 100 :m or 400 pom in diameter. We tested the samples tested, a large amount of scattering
seven of these samples and the results are shown from porosity was observed. The level of this
in Table I. scattering was comparable in amplitude to the

reflection from the front side of the inclusions.
- .I'- o I I I Using the processing schemes described previously,

we were able to separate the front face echo of
the defect, and thus decide on its type and size,
as tabulated. In other cases, we were able to
decide on the type and size of an inclusion without
using the front-face echo, as we have described.

)I W30 7430.03 2 5 2 (2 10 
2  IM However, there were still some inclusions that

.. ........ _ , we could not identify because of the large amount
...... " 3 .... .. 3 2 0" ] of scattering frot porosity.

132310 3 0 03 3Judging by the numober of defects found in the
23 (2IW- 3._4 0.8 10 9- - O'y. seeded samtples, we observe that over 90 of

-- ... ... .all defects found were either voids or appeared
vjs:o~ o .... %to be cracks, which in fact were later found to be

[N discs. Thus, tany voids mttay not occur in un-
I'1 seeded.o samples adcert a inly do niit hio '

I71(-o iii_ _ -i - NC 132 material.

.,,, ., ,... We concentrated our detailed tluant it at i ve
73 interpretat ion on the measurensents of Sample 01,

~o, .. . ... .., 3 . , the samhple with isolated intlusionls. After ro-
essing all the siqnals from the defects, as de-

scri bed , we found that three of the defects in the
From Table I, the following conclusions can sanple were Si inclusions 100 in in diameter.

be made. Thi s result is in io-,od atreement with the type and
size of inclusions with which the sample was sjid

Some of the samples exhibited a large amount to be seeded.
cf localized inhomogeneity. In saiple -67, tie
echo front the back side of the sample changed by At the time of writi g, the sample had Ieen
30 dB when the transducer was toved from one partially polished to the locations of some o
location to another, I or 2 ttmitt away. the defects we found. he result,, indicate that we

were able to detect every defect present in the
The density of the samples varied dramatically portion of the saniple exattined. Moreover, all the

frot one to the other. Sample &93 had a 10 cracks we detected were found at the prescribed
lower density than fully dense silicon nitride, locations. They were in reality thin disks of ON
The densities of the rest of the samples are also. a tiaterial used in the pressing operation, which
lower by lesser amounts. is relaitively harmless as far as its effe t on

fracture is concerned. Flat empty (racks do not
The longitudinal wave velocity measured at occur in hot pressed Si3N4 . and hence when

a frequency of 300 MHz is lower than expected "cracks" are detected by our acoustic -ethod, they
for fully dense silicon nitride (11.0 kto/sec). must be expected to ie thin disrs filled with it
The longitudinal wave velocity seems to roughly low acoustic impedance tOaterial su(h as BN .
be proportional to the density of the material. Hence, for hot. pressed Si N4 , all the detetd
This indicates that the stiffness of the odterial cracks are thin disks of IN .
decreases dratoatically when the density decreases.
The estioated stiffness of sample o93 is 36' In another example, we deided that one (if the
lower than theoretically predicted for fully voids we detected was actually two voids ,,,uoarated
dense silicon nitride (NC 132). by 5n ,to in depth. This det ision was itde

be( ause two e( hoes tof equa l ampl itude wee (ilet o', te,;

The propaqation loss oeasurenent ties in with IlD nse( separation in tioNo. Ihe a ( tul)
very well with the density and longitudinal defect is shown in I i q. ,a. lhe delco ts, (on ,,i,
velocity oeisurements. We note that the less of two volds, a'. preditd. tft- two voids hein I
dense and correspondingly slower velocity connected by a pnrou, rcgiot.
ioaterials have more propagation loss due to
scattering froo pores in the saoples. Fro these
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Fiq. 5a. bE.M. oicture of two voids, 50 rioj. 5b. S.E.M. picture of MqU rich defec t

,I Id r . eq( i onl.

Sosie of the defects detec ted were of a new ad CONC: S IONS
ne' 'Cc ted type. Tthey corresponded to a series of

echoes wit o. short t iice separation be tween them we ave developed two systems to l ocate

i0-1 rit ec-) , as Would he e~pec ted from granular characteri ze defects in feral' . WE, have used

,,, tteringl. (Ire such defect is shown in Fig. 5tb. a set of sinal rocescJnq schemes to improve the

it" ';defec t tko'cd out to consi~t of regions of signal-to-noise ielectronic noise and oIrain-

cncer ,rated Mob( IinclUSions, a Material used in s;catteritiq noise, ratio dod( tio currect the ias

the hiot ppis i nq tO id tin to increas;e the density received from defects. We b~e)ieve tht mir' thel-

if the corac I, . It wasl thouci t that this ma tenial1 ret ical and experiwenta 1 techniqgoes have not t.lfui

w Iu I d~ spetse and riot %I ye ri s to any problems; full,,, tested yet, be(cause the seeded SapleS wvL

however. it obvi(ccsly dues niot always do so. This, had were inferior to hot pressed, unsee'ed silicon

un~etdvdfect, which was first detected clearly nird.ho~~.w elcnident tuat s7'
by aousti tec~iniquges, i,. likely to have an im- testinigue will work well onhih uaiy apo
prtan I eftec-t on the fi -ture choricten stics of of the type that should be ud in real turb i nke

these cerdi ics One difficulty is that artifi, itlly seeded c'a
terialS always appear to ie far worse i QUJaItY

There oa' i fie ' i -- o ,-ontl in than the natural unseeded samples, with natu ral Iy

the '.arples. nacely Si . We are presently occucinci defects present.
awaiting the res ult,, of the polishing to coipare
vth our acoustic reasureirents. At the present It appears, from cjr initial results that the

ice, the pe1 i hi n process has reached only one sedddefects which occcur are not always spherical
defect. The re-sults, obtained on this one defect or simple in nature. This presurcably will be the
aire not encouraging, because the Si seed turned case with naturally occurinq defects. 'hus, a1 -

out to be poroun, and of a largjer size than had though there are acoustic sioinatures assonciated

been jredicted by our theory. This would be ex- with the different types of defects that are

petted because the theory was based! on the sup- present, it wil11 be cecessafry to devel op further
position thait the defect was, a sphere of ,i lr cutcmtostopivceacilt urqui vocal
it was not spherical . nrcr was it pure 1.i !tgiitttv'identificatiOn of the size and type

remains, to be ,een whether the other Si , o-ds of a 11 Ildefec t s p)re se n t. Na t U ra 11 y oc c rin inr-

hive c-hangjed in the same way. , I us i ons (if " phalse maIterials 1 of awkwarrd shape

aIrt the 1110t difficult to itenti f- Ior a , m.i-
1)Pret anal1ysis,, i t will p notabl y be no(es',al y to
.-esort tou the i sactinmi to(, hiicues wh i ch we are
presentc1l, devo pinrg.
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SUMMARY DISCUSSION
(F. Khuri-Yakub)

Wolfgang Sachse (Cornell University): One comment and a question. It's nice to see
that someone else has found Weibull useful for classifying certain defects, but my
question is: you said you made the diffraction correction. You mean to say that
you found what is the diffraction of a sound wave as it leaves the buffer rod
into the sample?

F. Khuri-Yakub: No. When you want to make a correction loss, if you're at high TS,

and if you look at all the published data, you find it goes up to four or five.

Wolfgang Sachse: That's for a piston radiator?

I. Khuri-Yakub: That is a piston transducer, too.

Wolfgang Sachse: I'm not sure, but anyhow --

F. Knuri-Yakubz We just took it farther because we needed to get that right correction
there.

Jim Rose (Univ. of Michigan): You cut off your theory of KA of 1. Does that imply
in your data analysis you don't use the low-frequency information?

F. Khuri-Yakub: It depends on the size of the transducer (inaudible), the only reascr.
why we did that was because we plotted on a log-log scale (inaudible).
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ACOUST IC SURFACE WAVE PROBING OF CERAMICS

J.Tien, B. Ehnuri -Yak~ilt and G. S. Ki no
Stanfor-d Univer'sity

Stanford. Cal iforenia 14305

ABSTIRAE T

we 'ra!ve- developred a low frequency theoryv for- scat tetino 11( tot sur-face cracks. For- the case of'iIf
cmlriv shaied otface cr-acks, we are able to relate thle r~eflection coefficient of a Rayleiqlit wave t'ictlICtit

Orl the cr'ack Witn the crack size as well as the frcuestress of a sample wire the crack in; it. costri !-
on t the theoretical predict ions for, the frac tore stress with the actual rtactur tresse fcc -.

ilide sats;'les containinq cracks with estimated radii ''anqing fr-om Fl Ir t: Io ,1> s "! "how e' ct? ell
aitreetuent . with less than 16 err-or. A qualitative study itt the birth f)ti otitov 'eine ola the 'fI'tt

0ritfrom11 sur-face cracks inl Silicon nitride turbine blades has ao Ibe-en salt'.

1NTROPtIC-T 10N Fields iii the~ niernbtorhooti Of al 'It" 1J it Vo01LPc'
t''rtik. T'S" it fitt, i riot if f:it, t'rho''

iI'jy aimi in this work laot beent to estalisli assutltitori becau150 "Iltetrse Jt't r '-0 ,

quo1 itative and quantitative procedures for- ideeti- thle sort]ac for, a Nccii- irlat111 Ita .iith
tyttif crtack1,' i n the stirfocoe of S truLctural1 ceraitics .stress i ntenisit t fctor- tend s toL h. rithi rta
kipe b~ite techni tiuc we have beet ertpl oyi no i s to sur-face (if atnttital that ill its ite tot'. l'

er. te a Ravleiqe wave ott the surface of the cer- thetittore, tno rvleiqh wave, field', ate tot ut i it""

ac h. ittd olr't'rve reoflections of the acoustic stit'- acr-oss tre plac, of tihe ct'a.k . but r-thet'. fa II
t~o~e wajve froLm the, cr-ac k. Accordi rigly, we have k't S depth inetc 'itt' sal . e wil 1tSke thnot
dryovlolied techniques, for, escitittq acoustic waves oiooificatiotts Itto aittiilati ca t c"'
Ill tiW low frequetir'; r-artie below 10 MHz a iid t heor-y U ii yr w'I ti to I t hi. 'oi 'I
,Ii rtftei' t'.rrtee of es'i'ierttai mtethods for, otk: it itto nit tie t-ecoal t o jj et1tit t-a 't e 1,wi

4 (I~ i'. waves at frenuelC ec; above 50L Mhz7 . iAs t ah eI-t 'earIl i i t
we Ire r ite cvusted itt crar.( ks r'alitqitiq i 1t s ize ft'oi

i ripwar,ls artd the, taveluotiths; at 10Ii) , dI 14,ttt0t )d a li I do ha e; wo' ,id ai o' itv -ilI trt c
ip aref ,yI avoir Iiv 6010 :i arid 1.301 111tt . 'I-t )1 at tter tte t 'Oc f i t kws . ' 1 St' tt

rrt, t is el ;, truth those low aid hiih fi'equericv tech- or le 1 l P) t or I 'i I rii'ot, i)110 ._ Al

vI VMoot of thle judtrtti tative studies owuo'' is r 'eceiO'rU t tl-mue it hei ci te fstir t tr"
tt~v~ a' t er''it0 Otit int thle low fr-etuieticy roqjimie yiil't( i tt j f- t e 5et t ed as he .lrp .rt'

te'i'rior herev we hove been abl e to develop ill ieta il of ril ot' re t  ter. LisiottIlA4, , to t iel itc, r't"r
a1 t hemr, to aosctco i irte our extoeririerital Iticasuvr'ttits tia1 A , at V ito t (-'t'itt~il s f t' l ri'et,
wNit h tMir oilyv tite ,rack s ize liit al so with ther Is, nivt by tile 'elatiOn,
rIM> ictu,' ot's f a sattple With ,r crack or'seit
"r1,.'' a' ato ocrattort itlot hetmade becaus.e the str'ess, A,

it Id diie tir 0a ti vl oi oh wave nas a coi'tpoiot totf- .F

It Lr,t l I ' stress pa ra 11I ei to t he sot-fact' for . J 4

wrt'aiori detiths tmuch less, that) art acoustic. wave-I I
I ~ trteaotiessequentl ot the fields, ill the neiclh-

:iert iaoro of a crack ar~e distort, i n the same wa, ,i
theav would be for art appl ied static str-e's i e. .. 't PI 15 tile 1 iit iowt' S I t lt Vt r,it t I Vi t

I hu, fi t u- 's s) wh te th IL ,tiC w tqtI 't t"I 5rlIt' ti . , .321 ,rs the1) ,a , It' i oi h wryt' it 1;

'Riut lIIa r'rjt'r' than a typica c ra CV~ k diitetto f. t i jit'te t hield wheti the I'(, V ' i il t-Il~t (')'I t
ths posil to rstai lob) a ktelI at itI b etwe eni t he ,5the tratsti t tot',ai it a

su osbet ttkr'ss inl thet ic u.ii t t wli t
o'rtl

''ofler ti c oe~cfflicit cif thl' Rayi iqit wave lwhicht I ' av rattt'i ( I itr'crlIrel th kittt'rtr'. Ie o)tt it'.

Ilt . r mcba itt via acoustic ireasurient ) ardte tke oe-tit' ott )'''or far ,rt thi t' law. F
troess Inrtel)- i tiy fat ter-. Know i ri the stressI ittten - ti'ti tov'erli~'t'ii~tt''t.i~ i itt t~t~'t

ity f~t( tor- then al lows us to Predict the fr-actur'e ailtd e civeI wedI01 writ S ,Odt )I

res iof a sairpile when the crack is present. an- ~cio w vie

THIEORET ICAL DEVELOPMENTS wileltr wiI' tttr''i 1 by ut ittrtlo iq hr ii -f of .

The theory we descitte he(re has its, r-i'stri - sttratl', .. ko lraterl it thet , -" a nr' I Ii.

S ioes Ii that it tequires; the dtepth tio which the Thel t,'lecr(_icr (itr'fficipitt iti i' e itt tI tt't a.

crcack o' terods below the sattitl e surfaco to lie less
than a tenth of the acoustic waveleneqth. 

This, hum-
ev'er,. iriplilos that the s i il~l ref lected litckI frnrii f Ji
the c rack is, very weak. 'The simple theory wl' wil I I I1

lietirt with isItrili ho tt o thef idoi thart the- f lel'l, itt,
the tie iqhluurhnorl Jt i '1 lt1 f-prt'rt shalll 't-t'm re',Te fo Ll " toi h" "1 ,1:
trYack ( rc Ito cr1( .lirrr' t v .l',trinitrlq that. thee arr-t'''' rti'r s te -('ttrutn i i

u~ or~ed n t,;roir it l v thi wa i t e WIvo d "Ji'o . I rt flfl'i It o" th k ,.71



OA is the applied stress. The integral is taken For a crack located on the central axis of the

over just the semi-circular area, S . To beam, the loss te,, T1 cars be written as
evaluate the displacement discontinuity. Au. , we
initially use Jhe theory for a penny-shaped crack Ti T"D
of radius a . This gives the result

4 -_ 2 where rT is tn , t' 'I .' JAf r loss in cr irert-

/ z = k U A _ _ _ -- (a2 _- ,)1 (3) ig the i'r:rLt fi'- sit , al hrrral toJ 3a arOuscic
F (a surface wave ' v,, i Jilri t ion loss teri,'.

For a crack a il d 'p transdu'o

1/2 located in thko ' , . rni..cer, i.e.,
where k1  2(a/i

/) is the normalized mode I for z - w
2

. ,.,,. ie a,
stress intensity factor, E is Young's modulus,
v is Poisson's ratio, and r is the distance from T1 w

2  
7)

the center of the crack. Using Eq. (3) in Eq. (2) U
and approximating the stress A by its value at
the sample surface, namely c OZI surf , we find More generally, an effe,_tive value for rp car, be
for the reflection coefficient calculated by averairrq the stress field over the

A. 2 2width of the transducer. The resutt is shown in
2 zz surf) 3 Fig. 3. We observe that for z - w

2
/) (far field

s,, _ a (4) region), the formula given for nD in Eq. '7) is
P1  E indeed accurate.

Note the cubic dependence of the reflection coef- 30 r UR FA- WAVE DFfRACION -USS

ficient on the crack radius a . Evaluating
az§1syrf  in terms of the input power P1  gives
then or the modulus of S

16n 2 f zna 3  a°5)22R (5)

3 X w(l - V) (d8I

In Eq. (5), fz isamaterial's parameter tabulated
by Auld," n, is a loss term, X is the acoustic ,o

wavelength, and w is the width of the incident
beam. Typically, for a ceramic with a Poisson's
ratio x 0.2 , fz 0.4

TRANSDUCER I 0.1 ,o 10 00

A Sc Fig. 3. Surface wave diffraction loss as a function
of the normalized distance from the trans-
ducer, Xz/w

ni FLAW

We next modify the theory to take into account
scattering from the crack at an angle. We consider
the case where the transritting transducer I pro-

TR A duces an acoustic wave incident on the crack at an
TRANSDUCER 2 angle e with respect to the crack normal and the

receiving transducer 2 receives the reflected wave
at an angle -1 (Fig. 4A). A simplification of

Fig. 1. A schematic of the geometry considered in this situation occurs when a single transducer is
the derivation of the reflection coeffi- used to both transmit and receive along a line at an
cient, S21 I for a flaw. angle 6 with respect to the crack normal (Fig. 48).

This second configuration is of interest in consid-
ering backscatter from a crack at an arbitrary angle.

One problem, however, that we have encountered
experimentally when using the same transducer tn
both transmit and receive is that spurious sirnal-

,

S are produced by the transducer which tend to inter-
__%ftP z fere with the reflected signals received. This is

RAYLEIGH WAVE /R especially troublesome when the reflected signals
are very weak. In such situations, the first con-
figuration (Fig. 4A) becomes useful as the receiving

transducer then receives only the acoustic wave
reflected off thE crack and none of the spurious

y signals produced by the transmittinq transducer.

Fig. 2. Scattering geometry for Rayleigh wave nor-
mally incident on a half-penny shaped crack.
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where C is the crack circumference shown in Fig.
7. Due to the surface imaging forces, the stress

TRANSMITTING intensity factor is a function of the angle 6 ,
TRANSDUCER 11 taken to be the angle from the normal to the sample

surface passing through tP'! crack center. To eval-
CRACK uate the angular dependence of KI , we make use of

a theory by Smith, Emery, and Kobayash.
6  

Smith,
..... et al. considered the case of a half-penny shaped

crack in a plate of thickness 2c , to which a
bending stress was applied. The applied stress
then has a linear form given byRECEIVING

TRANSDUCER 2 Aa (y) = A(I - y/c) 
(12)

zz

CRACK where A is a constant, and y is the distance

from the surface of the substrate. The stress
S- - intensity factor is consequently given by

K( ) 2a/- A [P 0 (e)-(a/c)P1 (0)] (13)

RANSMITTING where 0(6) and 'p3(6) were numerically evalu-

AND RECEIVING ated by Smith et al. and are shown in Fig. 8.

TRANSDUCER Here, the function ;0(6) determines the increase

in the stress intensity factor near the sample sur-

Fig. 4. (A) Two-transducer configuration arid (8) face and the quantity -(a/c)q 1 (6) governs the
fall-off in the Rayleigh wave stress field with

single transducer configuration for scat- depth. To evaluate the effective values for the
tering from the crack at an angle. constants A and c for our case where the stress,

is due to the Rayleigh wave and not a bending stress

For each of these configurations, we find that we determine the exact variation of the stress field
the reflection coefficients are given by with depth y , following the work of Viktorov,

7 
and

make a linear approximation. The result for sili-
RIG(e)I two-transducer configuration (SA) con nitride is shown in Fig. 9. Note that thelinear approximation follows the exact curve very

well for y/X < 0.1 . With t4is approximation, we
IS11 = RF(0) single transmitting and receiving can find A and c in terms of the surface valuetrasdce 08) of tere stes thOurae a

transducer (88) of the stress ozz and the slope of the linear
approximation. Evaluating KI(6) , substituting

where the results into Eq. (11), and using Eqs. (2) and

IG()l 2 2 2 (1+v) 
2  2(10) then gives for the reflection 

coefficient

IF(O)l (cos e - v sin 0) . ... . . sin
220 (9) 

2
Ta

2(2- v) IS _11 = R H(X ) (14)

and R is defined in Eq. (5). Examples of the where H(2-a/A) must be numerically evaluated and
angular variation of F(a) and G(a)j for the case is plotted in Fig. 10 for the ca-te of silicon
of silicon nitride are shown in )igs. 5 and 6. nitride. Observe that there is a considerable
Note that neither F(e) nor JG(0)J vanish at reduction in the scattering amplitude as the
9 = 900 . value of the parameter 27a/x increases. In view

of the linear approximation we have made, we nor-
We now discuss how imaging forces at the sur- mally would expect this theory to be accurate for

face, which affect the value of the stress inten- values of 2ra/X less than unity; however, we have
sity factor near the surface, and the variation found that the theory does surprisingly well even
with depth of the Rayleigh wave stress fields can for much larger values of this parameter.
be taken into account for the case of scattering
at normal incidence from a half-penny shaped crack. The theory by Smith et al. hgs also been used
Again, the reflection coefficient is given by Eq. 5 by us in collaboration with Resch to predict the
(2). It has been shown by Budiansky and O'Connell maximum measured stress intensity factor for semi-
that the surface integral given in Eq. (2) is rela- elliptical cracks, using a formulation very similar
ted to the crack formation energy, E , by to that already given. In the interests of brevity,

we will not go into the details of these results
here. Suffice it to say that the measured stress

F (1/2) (AUz adS (10) intensity factor varies by a factor of 1.22 to .8
Jf z zas the ratio of the minor to major axes varies from

S I to 0.1. Thus, the variation is somewhat larger
than that predicted by Budiansky and Rice. On the

Alternatively, E may be written as other hand, when considering surface cracks in

brittle materials such as ceramics or glasses, the,
1 - V variation of the ratio of minor to major axes typi-S2aK(0)d cally ranges only from 1.0 to 0.5, with the corres-3E Iponding variation in the stress intensity factor3E C going from 1.22 to 1.05.
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Fig. 7. Schematic of half-penny shaped crack

90* 90*geometry.
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1.0
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Fig. 5. Angular variation of !G(O) which deter-

mines the annular dependence of the reflec-
tion coefficient for the two-transducer
configuration. for the case of silicon Fig. 8. Functions and () andv. numer-
nitride. icallIy evaluated by SIlith Emery, and

Kobayashi.
6

0.

-5 .0 45'
/ 1.0

F(8) VARIATION OF sTRESs FIELD W rT [,[PT.

0.0;

I- 0.6,
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-90' -- ---- 90'
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.0.5

Fig. 9. Variation of stress field with depth in
both exact form and in l inear approxima-
tion for the case( of silicon nitride.

1.0

ISO*

Fig. 6. Angular variation of F(6) ,which deter-
mines the angular dependence of the reflec-
tion coefficient for the single transducer
configuration, for the case of silicon
nitride.
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1.4 where

k u1' = .22 kib 1.22[2(a/r) 12] (16)
REDUCTION IN S, DUE TO surf bulk

1.2 NON-UNIFORM EXCITATION
and KC= 3.55 MPain .10 We then broke the
samplel and measured the actual fracture stress.
The deviations between the predicted values and the

1.0 actual values of the fracture stress are shown in
the last column of Table I. In all cases, the error
in our measurements is less than 16t, with the
measurements on the smaller cracks having the best

0.8 accuracy, as anticipated.

TRANSDUCER

WEDGE

0.4-
L - CRACK

0.2 - CERAMIC//

0 0.2 0.4 0.6 0.8 L.O Fig. 11. Schematic of surface crack and experimen-

2vo/X tal set up.

Fig. 10. Reduction in JIlJ due to surface imag- TABLE I

ing forces and depth variation in the IAcousti Acoustic Actual

Rayleigh wave stress field for the case Sample a (Im), 2na/X F F MPa)
of silicon nitride. 5 kg: . 3.3

5 kg: 1 56 .5391 350 338.45 3.3

QUANTITATIVE MEASUREMENTS ON FLAT SURFACES 2.4960 367 365 54

10 ~ ~ kg 6 6493' 320 298.5 67
We discuss here the quantitative measurements 10kg: 67 . .5 6.72

we have made in the low frequency regime. The cer- 2 66 .6396'1
amic selected for this study was a commercial hot- 322.7 275.4 14.6
pressed silicon nitride (NC-132). Plate specimens 20 kg: I 274 '2.650 158.4 159.22 .52
(7.6 x 2.6 x .64 cm) were machined from an as-
pressed billet and the surfaces optically polished. 2 262 '2.539 159.7 179.13 12.17
Cracks were introduced into each sample using a . 5
Knoop hardness indentor by Evans at Berkeley and IResch at Stanford. 3 255 2.470 164.2 189 15.1

In our experiments, we used a wedge transducer We also made a preliminary study to determine
to excite a Rayleigh wave on the surfaces of the whether the cracks in our samples might be partially
samples as shown in Fig. 11. We carried out a closed. To do this. we applied a calibrated bending
series of measurements on different sizes of cracks stres to the sanple while simultaneously measuring
using both the technique of direct backscatter to a the reflected signal from the crack. We found that
single transducer acting as both the transmitter our estimate of the Lrack radius tended to increase
and receiver as well as the technique employing by about 10% from its unstressed value under the
two different transducers, one to transmit and the application of a bending stress. We thus conclude
other to receive. Our measurements were made at a that the cracks in our samples were indeed partially
frequency of about 9 MHz , which corresponds to an closed when the samples were in an unstressed state.
acoustic wavelength of about 650 im . The results
are shown in Table I. Note that the parameter MEASUREMENTS ON TURBINEBLADE ROOT.
2wa/A is well within the range we expect our theory
to be accurate for the smaller 5 kg and 10 kg The silicon nitride turbine blades used in this
cracks but is well out of this ranue for the larger study were manufactured by Airesearch Manufacturing
20 kg cracks. From our estimates for the crack Co. and provided to us by H. G. Graham from AFML.
radii, we were able to predict a value for the frac- A schematic of a turbine blade and the experimental
ture stress a~coust'c by using the relation set-un is shown in Fig. 12. Our aim in this study

FK wa to detect and locate cracks in the neck region
Acoustic -_ IC (15) of the turbine blades. In Fig. 12, the LiNbO 3 trans-
F 5 ducer was used as both the transmitter and the

klsurf receiver. Experiments were carried out at both
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64 MHz ind 100 MHz. In our initial study, all six

turbine blades supplied to us gdve indications that
either cracks or machining marks were present in

the neck region. in Fig. 13A, we show a picture
taken with an optical microscope of the neck region.
Here, the presence of machining marks with a peri-
odicity of about 20 pm is clearly indicated. As
we expect the depth b of the machining marks to
be n' greater than about 25 pm , we can determine
the reflection coefficient from these marks by
assuming X -, b and using a long wavelength
theory. Making assumptions regarding the stress
fields similar to those initially made in our
simple theory for the half-penny shaped crack
and approximating the geometry of a machining mark
by a long slit crack, we find that

bO02S C(V)n (7

Here, nj is again a loss term and C(v) :8.694
for silicon nitride.

LiNbO 3

SAW

NECK REGION

f---1001M

Fig. 13. Optical microscope photographs of turbine
blade neck (A) before and (B) after pol-

Fig. 12. Schematic of turbine blade and experi- ishing.
mental set-up.

Cracks with radii smaller than 50 pm we find
To determine whether there were cracks present can easily be detected with higher frequency trans-

unae.- the machining marks, we had the neck region ducers. In regard to our measurements on turbine
of the blade polished and then re-did the acoustic blades in this frequency regime, we are not yet
measurements. A picture of the neck region after able to make a good quantitative estimate of the
polishing is shown in Fig. 13B. The subsequent crack size due to the presence of machining marks
acoustic study did indeed indicate the presence of and corners along the propagation path as well as
cracks in the blade neck regions. Examples of the the complications of propagation along a curvi-
reflected echoes received in the presence and linear surface. To aid in quantifying our measure-
absence of cracks are shown in Figs. 14A and 14b, ments here, we thus propose to introduce in the
respectively, neck region of the blades half-ienny shaped cracks

of known size using a Knoop hardness indentor. The
CONCLUDING REMARKS reflected signals from these known cracks can then

be used to calibrate the reflected signals from the
In the low frequency regime, we have found cracks originally present in the neck region. In

that we can detect and size cracks on flat surfaces our future work, we aim to apply this calibration
down to crack radii of about 50 m. From our technique as well as to extend our theory into the
estimates of the crack dimensions, we are then able high frequency regime.
to predict the fracture stress of a sample with a
crack in it to well within 16% of the actual value.
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i', prevalenit for sol id incluisioi.s ohsevi so ii

i-i ui-i H sowsa miograhi ibtaii'd~l tll' and they arc,0 CIlto ii ffIorit tvpe~i fr i-in pors it v

vic iiitx- oI a V ickirs inp 1 'nlt inl a hot-piressed variations in) laminiar flaws. Ili- micrograph w-is

sil icon niitrili' test bar . The preseni'e of t iei bando apeintiiga m n
mui--oniverted surfai-i'-skinmi ng bitl F wave leads mic ron diamitir silic on iiiclus ionis. livi itratci'

tI, the characteri stf cin-siiaped ripIi- pantim-r si zi'. lii- diiamattor of the first r ins', is If,

ohistrVed inl the Vic'init [It the f law. 1:-xp I anat Io mtcrons and the f law is 900( mil-rons hi' low t it,

(It t lie detect ionl phekniitentin and t ii' image ciarac- Slur; aci'. To o ht a fin I hoi re Lit tortsIlipi be t wein S.A!

tm-i-i st cs hiave- hi-en reporte (,IuI sewiniri'-) image si 7e anrd tii va i-tI Iai I l Iaw size.* it irav I,,-
iieesarv to accounrt for the it hit so if dilI i-i, -

A iii' feattire of Iii' intrinisic mode ecunver- l ort anld beam spread ing I'lii is point is i twist i -

stout ait tihe siti'oif s-;mil -iaks is that it is gated fi greater dletail I i the' -iim'aiin pa;i-r-

easy to detect I laws at low ma Ti f i-at ion. Waves' The- flaw is presentled to Ii lust rate lthe ii

tei-ni-.itki'i it ii flaw site- priipatiti' si''i'iah Tnil I i- notinity ofslid iii~lsi0s

metirs ilevonil th,- flaw si hi-, thuis leading t,, e'l-
haticeil let-- t 1(11 sensIt lvit\' and i-emote, vilislill'
cip~lili lt v .4 ,

I ~
F - Ai tis t I i ump I l i i n I l r (ir jii how-

I it, a1 i 1aw wil i n nI I1 t IlaT. t i N st I ild i 1.
l v,' if a di ? I'I inlil, i
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rt utn Il I~/r t II' Si%/ lsk-in Fa te t ur I ie . Ia pe I

I :;1 ie 4 n irWk- \i Iik Iie iiiT:

ja ara I a E i, " Im p 1/ U l h atuih o i tr s I pI 1 t .- p
.111 1 il liisotri t Ii tinae vpI Ion, cmat Ii I ra

A tie reiaitrd i the us ch ok Oll- 'h det Oit S3sp11e-

( I. wa wain )~uc ti o jutels an frasa tis 2 m
jeIAl tvewr n Is ell SIval iiarIiS xhit 110

StX ruetu rae h lrasut abit dil 10t 1' 1 tx rture.

I ivure b. is all am1li tuda micro 'rApI' a'
simple '.4 (4 111 m/' ) l stratinetcipciIaosic thei I0

vpru turl encowt I iil atue tare.l Nat i tVe .l I L'S

tn it arm it % vw ais "t~ i ev ntr ransi i, ss ia ab I iii
II liw conldrat v-ie. Sam IIt vthe iclrcerl, r

strusctreecres trasusmsa t fttIir in textwith

Samip.le r=cians at law tansmtssan are ittri-

ares. hU* Tti- iitril i stritit No t i as I tvtIVe101

il t thrit iaml, rcoustic tansmisesion dt~ensit, sa-

piesI ltfielth kits viw ima'.jt Ot tlia rk-r 1st I

v-isual Otextrae. l tantesmisin ae txtued is ts h

eidn ,,.In tisc iiri oso h (vetical.s o I r SLt ric

,i t i sa pIre I i am t I to it da i Irzriihit st
SimpleS , I-I PI tI W0.1st ciTC itheL LIt Chalc -iist tIc

ml. e t l ratu ti s Iicrotint (vr r ica .i tI a ilns - t I IV

simplexv i s ii I I strated iii this 1 min fielId It \I vIw.
[tite uhibtaiit ial t ransmi ssiiin var iat ion i s it t rI-

b'it-.I t a the tian-un it arm (list r ibult ioan at poras itv a
( relat ive ta Sample 7 'h. Re lat iv, t Simpl 'It,

t he pa ,r si tv iJs st-I! rIgi teIl i n l;irgir lanes. At t rn-
.iit i n I, cns, imII i I It i v Iat ilia reised paros it v irk

tvpi II Iv 1. ta 2. I m i mteIr rs i es t lm It-I
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TABLE I

Sample Defect I mag e 1)ep th Shear Comprevs- Copunle I t 11 tml nded law

Number Identi- Size (MIT) Wave s iona I

ficat ion (Mic ronls) Image Wave

I mage

5 640 4.7 best Yes Circula r, riedi ur cont rast 400 micrjn carlon

5 2 200 - No Yes Ci rcular, lowl contrast

7 1 a 6fil) 4. q Best Yes Circular, high contrast 400 mlicron) 'art o.n1

a 490 3.1 Best Yes Same flaw from other side

-45 a IO - Be st No Circular, low contraist, nsar edgj e 100 micrn-i (arbon

'31 F 625 - Yes Yes High contrast ell iptical 4,00 Micron Iron

29 a S lOs370 1. 5 Best Yes I rrvgular shape, med. cont rast

2 L) b 1 65x 350 - No Yes Irregular, med. contrast 400 micron Iron

88B 550) 5.6 Best Y es Circular Low contrast

88 11 10or Neair N, Yes Ci rcilar low contrast 400 micron Iron

S or ta ce

65 a 28 oxI'40 - Yes No Irregular, difficult to dis- 100 Micron ~o
t0n1u5s irom) porosit

51 a 175 0. ' Yes Yes \erv hi gli cont rast ci rcoiilor 0 1 aicron s iIl o

51 a " 5 0 h. ( Yes Yes Sarai fla w fro cornther side

51 1 wo Near Y es Y es 'Iwo CIO' os(1 o 0 Micron

F laws Soirt ace Iaws

60

c 225 N.'ar No Yes Bright, circular, low contrast

Surflace

ai d 25(o - Yes NO Low contrast, cirruliar

51 51) - No Yes Iriango lar, Low contrast

14 a 78() - No Yes Very low contrast c ircui'ar il)Micronsii

12 a .22 - yes No Circular. verv low cootrcast 10f) micron -ii-l
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Thus, the recorded image size may differ f rout C -ar ho -n uItnc I u -s l out ns hiree sat'i p Its serei'll\t't i vat

the actual f law size and will also depend Onl depth tid whichl contained jxrtlautted carbon in, sis

I-dow the observation plane. in general, we ex- ft. t7f 1 and 1,4 5) . In eaifi ise tll( ia's
peert the soundfield to diverge from the' flaw site (Flaws 

5
sti, 71ii :tud 5ati) were circular. \'fsil'il it'.-

which leads to image sizes tvpiu'allv larger than) ws opt itum with shear wave inso)nifit-at ion,
the actual f jaw size. This would he true for anyv however, eatchl )I the 400~ )A f laws' were (let eto t ;,

imlaginug technique, with either coipressioinal or shear waives. fill ti
ot her hand,* the 10 mhi.ic ron (arhon flaw was ,W

Column 4 lists depthI determinat ions. This is detec ted withI shear wa;ves. Of thlis t tic,
dotermined by stereoscopv which is illustrated in flaw ifmplanteI Ill carple 71 eyhlihitl thec hfil,1st

cure 3. Stereoscops involves imaging thAae(nrs adi otCii ; e i 'l outt I,

1 !sl at two different angles of insonifiCatioim. micrographt of thtis flis ts tvitu in t 7u re,.
b-. meahsuring the shift inl the pro jected imalge po- The smallecr flawi footd itt '-p Ii r,' i ,i pr~ti-c
s tion of the flaw (relative to a fixed potint on in Figure 4b.

,i,ie) the fla d sceptht in he determined. lBe-
lsethe depthf determ inta tion hv s tereoscopv uses

taoust ic images, ithe a- curacv is governed hv
iisz rsoltion (IIM microtns for shiear saves). I

lic- ft -th and sixth coltumtns ri-u or to flasw
Iiv lfr-t :u lhot(Is ot e xai lna t fun1. A *

wtr-epote . 1:' rslt,- trWttVe invsist i
,0 '. a%,- is il~l, -nul -':l tht atih t

t1a4, r i. h t s o -7 i t h: -twi. t to it -

I e i t n lv sliezirtavc's propagate andl art-
respotni hI t rthe imave. Four 'iuuprossfinal wAve

rvi'st itions, in acoitstic p lane wave is tormlal lv
i etit, ontIv comnprt'ssiouai I .-ices art' tttt- ltltt

lit'I II s1' I xpe rin-ntztIv, we haive ft~ttnd de'-
ni, ret ereni, es ft sheair or -om1,r ess io ns I iii-

a!ion to Cp t i Mi X' \ i Si1)i I it" Of d f

thie' p - na-letectallt anqd "hest,-
!i litl ta t tout. For thoset' (lass wher,'

it; twi iur.i Itt! or buoth uetfuoifs, hoti,

REFERENCEN' _ ___-

APPARENT POSITION

Pl J). i St'Iw,n t Ii I Iutst rait io f t 1, tu o' t t. . - S 4 tts I ~ it 0

it ills ' t t tp ' I h i Il liiI iit i l flt t id l

;l ) t'a l ,I,- i'

h) Sst t
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In order to accurately estimate flaw dimen-
sions from a('oust ic images, proper account must be

taken of beam spreading and possible focusing,. To
illustrate the magnitude of the effects, a single
flaw was imaged at two different depths in a sam-
pie. Sample 71 was convenient since the flaw is

located 2.1 mm below one surface and 4.9 mm below
the other. The difference in im;ige size was found
to be 490 microns compared with 69(1 microns as the
flaw is observed from opposite surfaces. After
destructive analysis of this sample to reveal the
actual I law size, an accurate formula can be ob-
tained fcr flaw size determinat ion t rom the image
dimensions and depth.

Iron Inclusions - Four samples analyzed contained
implanted iron inclusions, 3 contained 400 micron
flaws, the other contained alO0 micron flaw. The
detected flaws showed considerable variation in
both degree of contrast and morphology. For exam-
ple, the flaw detected in Sample #90 shows .a symme-
tric circular pattern surrounded by several well-
developed diffraction rings. The flaw found in
#88 (flaw 88a) is also circular but exhibits lower

contrast and was more difficult to dletect. In
Sample #29 (400 iU Fe) the contrast is similar to
that of Sample #90, however, the shape is quite
irrt;ular and a well-developed diffraction ring
pattrn was nut observed. Similarly, 'he smaller
flaw detected in Sample #65 (100 i, Fe) has an
irregular shape. Flaw found in Sample #90 is com-
pared with that of #29 in Figure 5.

I - t

S i .' - I.AN l~i , r. h 1 , 1 i j, i Ti ttd [ ,
itl I is i tn s i il 111 1~l p l ' e I .s , it . , r ' '' t i.
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S i I i c on I tiit is i itil - Thlrei, salmplvs were iou I \'id
wh i th had imI lantoi si I icon iti Inis ions. A\ corn-
pletv mnal vsis wajs (-irri-d ouit Oil SaImple # I Whnrt
I iv,- I laws, with featuires ti.rictcrist ic o F solI i

incluiitons, were toind . Tis sample was a low
,tens it v saimpwe( 2.114 gm/cm 2) ;111i so tnthI

acou)Ist ic tranuwitssion variait ions (attribuited to

increaised inros itv) were lounil. Vouir of t hi
laws were relat ivelv low coil inst lvatturc, ;its

oole rNli i i ted high cooitirast withI a wel I I ihvit e

it tract ion ring pattern. V'isi 1)i I tv oh t hisA
It irli coot rast t law was s imii Iir tis ittil shear andl
coilnress ional waives. Thei illial)O Of tliS hg i-
t rast I l.iw is shiowi :in 'I iconr h. P- t Ih a w opres-

t ionl (ha ).i n sheia r wgave, (tb) iiiiigvs arte1 r, sen t oil

or cimpar ison.

Vo r s ilIicon intclIus ions, tlik v i s ih1)i I i tv is
cowparaible for hioth itisonit icitiit yvihi5. Ilii
,II it, t ical I larai tvris ic oI[Ii, If is in I i, grv 6bl

is attr ibuitabl LO t Lilt'aigiI isoi it iat k ii. A

sphhit Si I I prii (ct in -I I ipt it it imtici isin
lii v I tamt slit-ar wave i nson i I i ca;it i on. Anit hewr

po 1i1t t o l" nmd h w ith1 regalrdls to" thi I I lo..'l is the.

la rge i r-a st-i in i mage iic, wi hi 1 I law d ,p thI. Ini
li-nurv 0, the I law I i,,s 0.1 iwwbeo the bsri

tii Itoll [Ili I la is .1la' dIi'- tlil,- it the
iyilisi to siirai, of t ilt- disc' shit itL is !I mv 11111)

lOs tilt Icos OIrVat ial ins-1. 'lilt' inl-cl s i / Ls irk'
I lit .i 751 m icritis ri-Spe)CL t i iV.

F tw itii i ii sari-p hiS riiimliir .0) -it L .x b j
fli t SomV i 1 nI, I 0u1s 1) L' 1,1V i or . AlItIi itugh I riC-LI atI
I ilt,- I law imlage 51,a, t hey shros- 11uch It us -o tr t ra1st

Add it iona IIv, t he ;rli- ci rcuI ir la w fi 1!, 1 wais
dtitveituhl uly~ siit i-iirciisiirll itisilit i -aIt ion
w-it i Ii c l ie I Iits i nt Snip I- c wj Ss I til o i It si t 1
slit-arinwalves

M~l IV

,m 11 11 4 1v 11
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ULTRASONI( I' E(,TION OF SURFACE FIAWS IN GAS TURHINE ('.ERAMI('S

T. Derkacs and 1. M. Matay
TRW, Inc.

TRW Materials Technology
Cleveland, OH 44117

AItTR ACT

,This paper presents the results of a program sponsored by NAI)C for NASC to develop an ultrasonic surface wave
technique for detection of small flaws, <100 um (< 0.004 inch), in gas turbine quality ceramics. A 45 MIlz ultrasonic
surface wave inspectior technique is described, which employs immersion scanning and (-scan recording. Inspection
results are presented using this technique on specimens of hot pressed silicon nitride and silicon carbide, from two
sources each, and reaction bonded silicon nitride. Results are also presented of four-point-bend tests and scanning
electron micrography, which were used to identify defect sizes and types and to correlate flexural strength with
inspection results. The flexural strength is shown to correlate, at least qualitatively, with the extent of ultrasonic
response from machining damage. The sensitivity to individual defects is shown to be limited primarily by the extent
of machining damage and the spot size of the ultrasonic beam.

INTRODUCTION transducer was scanned over the part a defect indication
was recorded only when the beam was focused ii the

This paper describes a program sponsored by the defect.
NAI)C for the NAS(' to develop a very high frequency
(VihF) surface wave inspeetion technique for gas turbine
ceramics. In earlier programs we developed a
longitudinal wave technique (Ref. I ) capable of detecting
defects down to at least 0.001 inches (25 pm) in size with
a near-surface deadband of 0.0063 inches (160 pm), and a
shear wave technique (Ref. 2) that improved the
sensitivity so that 0.0004 inch (10 pm) defects can be
detected, and reduced the near-surface deadband to
0.0016 inches (40 win). The purpose of this program I

(Ref. 3) was to develop a near-surface inspection I.TM$ 1

technique in order to eliminate the remaining deadband.
As in the earlier programs, our approach for surface TRASDKC"ER
defects was to develop a technique that would allow
scanning of a reasonable volume of material in a
practical period of time. Our goal was to develop an fOCOsto ACOIISTIC
immersion technique in order to allow rapid scanning and S K PARN
automatic data recording so that the combination of the DIRECTION C C
three techniques, longitudinal, shear and surface waves, S UA3CE WAVE SPECIEN
would allow an automated inspection providing complete
part c(overage. t !

'TE (IINIQU E

Ultrasonic surface wave inspection at conventional
frequencies is normally a manual, contact operation in
which no provision is inaide to automatiz'ally correlate Fig. I Immrnersior 45 MIllz Ultrasonic Surface Wave
dlefects with their locations in the part. This is Technique.
necessary because immersion testing is not Lstiallv
possible. A surface wave traveling on a part submergedi INSIH-''TIONS
in water raliates energy into the water and quickly
dLssiplates. Tie methx used in this progra in to overcole initiial evat t i)n s were performel to de nonstrate
this linitation L, ilustrated in Fig. I '['h(b transducer that the tohliqa, d i-,n deod generate surface waves. A
used was ain Aerotech Laboratories 45 % lIzt alpha simple test was ti make ao reeognizable mark, such as a
transducer with a focal I ength of 1.8 inches in water and nomper or hlter, on the 'orfinev of a ceranic s)eciien
a heatin spot sizf' at talf-amplitide (if .02:1 in'lhes with a gri'a pe neal. then whi,'ii the part was itnspected,
(5811 Wrm). The transducer and part were sulb rmerged irl the mark showed i as a defet i ilet tilon. This technique
water nd the transducer was tilted tit an aingle to the points ot th' importtne' of oleanlunh.s. Nnv air bubble
entry surface of about IS O 

in order to generate surface or dust partiele ini the part aorfacv i ws tsip as a defect
waves in the specimen by mode conversion. The Water indictilion. We adopted the pohey of individUalv checking
piath was Wut s* that the btaim was focused in the significant defect ilxteuitions by brushing the surface to
material a short dnstanee past the point of entry. This make sire the "defect" could not ie removed. A more
provides the shortest possible path length and therefore sophist wated technique for onsuritig live pr,.ince of sgface
the minimum possible loss in a reflveted pulse from a sir- waves was to inspett a billet to locate surface flaws and
face defect. The ultrasonic defect gate was se to then to inaehii, off a thin layer fond re-inspect the part.
encompass only the transducer focal point, w) that ns Ihe Figures 2 and :1 show an 'xamph. (if this teehnaltoe. I igure

rq I



2 shows a C-scan recording of a 45 MHz ultrasonic
surface wave inspection of a 7 1/2 inch (19 cm) diameter ...... .....
billet of NC-350 reaction bonded silicon nitride (RBSN). '."' .
After inspection the billet was cut to remove the three
numbered specimens and the left hand side was machined
The machining was done to split the linear indication in." .

that pout ion of the billet. The grinding was
perpendicular to the cut edge. Figure 3 shows the same
portion of the billet after machining. The linear
indication was removed in the machined area while
remaining in the uninachined area. It is apparently less
than 0.0006 inches (15 pm) deep. The defect indication
labelled F was reduced in size hut not removed. This
defect is apparently greater than 0.0006 inches (15 Pm)
deep. The inspection technique was also found to be I
sensitive to machining damage. Figure 4 shows a scan of
the same part made parallel to the cut edge and
therefore perpendicular to the machining direction. In
this case the entire machined area appears defective.
This is a significant fact, since it is known that flexural
strength specimens ground parallel to their major axis Fig. 3 (-Scan Recording of 45 Nlllz, 180 Surface Wave

are stronger than those ground perpendicular to their Inspection of uop Surface of Segment of Billet
major axis. Figures 3 ad 4 indicate that the surface of NC-350 RHSN Containing laehined Area (Sen
wave technique Ls sensitive to this difference in grinling Parallel to i 1111g Direction).

direction and therefore to strength.

Re?

,ig. 4 U-Scan Recording of 45 Mz, 180 Surface Wave
Inspection of Top Surface of Segment of Hille of
N('-350 RBSN Containing Machined Area (Scan
rerpendicular to Criding _ . irecon).

Fig. 2 Machined (Shaded) Area Ovrlaye on (-Scan e- )
c ofcording of 45 M18 0 SurfaceWave inspection
of Top Surface of Sllet of NC-350 RBSN.

Figures 51, 6 and 7 show another billet that was used
to verify the presence of surface waves. This is a billet
of ('eralloy 147A hot pres.sed silicon nitride (lllSN)
which was received in the as-pressed condition and then
was- machined to remove a total of about 0.040 inches
(1000 Pm) to provide smooth surfaces on both sides. The
areas of heavy concentra tions of indications in Fig. 5
correspond to the areas shown in the photon acrogra phs
(7X) of Fig. 6 which contain surface ridges left by the
p ressin r operation. After machining these ridges away,
the indications in areas A Find Bt disappeared. The billet
of Ceralloy 147A tIPS N was inspected by both shear and
sturface waves before machining and by surface waves Rot Pt,
after machining. A comparison of the before and after .,*'' [.
surface wave inspections shows no signifiaent correlation
in indications. This is to he expected given the amount Fig. 5 C-Scan Recording of 45 Mli, I go Surface Wave
of material removed. A comparison of the shear wave Inspection of Billet of Ceralloy 147A lit PressedSilicon Nitrie hn-i th lIp).

whic wasreeivedin he a-presedcondtio andthe



results before machining and the surface wave inspections
after machining show a number of corresponding
indications. The defects labelled A, B and C in Fig. 7, for
example, correspond to defect indications in the
corresponding shear wave scan.

Billets of NC-132 and Ceralloy 147A HPSN, NC-350
RBSN, NC-230 and Ceralloy 146 hot pressed silicon
carbide (IIPSiC) and boron doped sintered SiC were
inspected using the surface wave technique. In each case
inspections were made on both major surfaces both
parallel and perpendicular to the grinding direction. Fig.
7 is the result of a scan made perpendicular to the
grinding direction in the billet of Ceralloy 147A IIPSN. In
this case the sensitivity was reduced so only the most
severe grinding damage was detected, thereby allowing
the individual defects to also be seen. Figures 8 and 9

7X show the inspection results for one surface of the billet of
NC-132 IIPSN. The rectangles in these figures represent
four-point-bend specimens machined from this billet.
Figure 8 shows it defect-free billet except for very tiny
indications in specimens 1, 2 and 3. Figure 9 shows a scan
of the same surface perpendicular to the grinding damage.
Figure 10 shows the nine bend specimens after machining.
This scan was made parallel to the major axis so as to be
sensitive to strength controlling defects. The contrast
between grinding directions is readily apparent. Similar
results were obtained for the other materials tested.

SCAN
Area B \71F 10

Fig. 6 Photomnaerographs Showing Surface Condition
of Two Typical Areas of As-Pressed Billet of
Ceralloy 147A IIPSN Where Large Numbers of
Surface Wave Indications Were Detected.

1 3 GRIND

L2

Defect
Indicetions

, 4 --- --'-

Fig. 8 C-Sean Recording of 45 MHz Ultrasonic Surface
Wave Inspection of Bottom oi Billet of NC-132

Rf- IIPSN (Scan Parallel to Grinding l)irection).

~' : &~~$'34 ~MECHANICAL TESTING

-, 1, Four-point-bend specimens were made from each of
the billets inspected. Specimens were made from defect

Fig. 7 ('-Sean Recording of 45 M1Hz, IRO Surface Wave free areas machined parallel to the major axis, from areas
inspection of Top Surface of Ilillet of Cerlloy showing grinding indications is a result of being machined147A IIPSN After "itchining(Senn Perpendicular perpendicular to the grinding damage, and from areas
to Grinding Direction). cnnlaining only individual defect indications. The

specimens were machined with a 320 grit diamond wheel

Ci



I.., . - . . . . ...

--~ SCAN

* SCAN

*L~~33~~.GRIND

-Fig. 10 C-Scan Recording of 45 Milz Ultrasonic Surface
Wave Inspection of Tensile Surfaces of NC'-I 32

- HPSN Four-Point-Bend Specimens.

Fig. 9 C'-Scan Ilceording of 4.5 MHz Utrasonic Surface

W'.Rve Inspction of Bottom Surface .-f Billet of The four-point-h~eni teStS 41 On I Wit) S'\

NC-12 II~SN Sca Percndiula tO rin~iigfriietography provided data on material strlinglil, framt

Direction). ~~~~origin location with respect to il
1 
0~ l oa C niti

nature andl size of fracture origins. Frofn this da1'ta It Wa'

possible to correlate 1, umh~er of strength h lflit"Iri

itefects with their ultrasonic responses. Figurle-

through 16 ,flow s~itliO tYPIcal tilt"15ilml'1 lel.'"

fracture cr iginls. I igure it shows it sMirflit-# Pit In

speiloel #2 of Ceriillov 1 47 A hll'SN. 1t v, aho~t 0i,00i72
(1 80 pml) ac-ross; and fl.fl:io" Mas ,in) deep. Figure I.

shows a typical 511 kg icker's lld.'iltallifit l ilt abouit tVw

sanme size as in the previiiii y4eelmren W Ithl a orackll

extendjing over 0.020 ines (.')0l orn) deVPIt in 11w pairt

F igiire 1:j show,, thle 1kg \ k cr's indentall1 it.in the t n

niaterial, all atiroxinitly 0.00117 nieh (60 ,i ( deep crack.

par ll l o t e oa r xis on al sirf~ c ~Figure 14 shows I, 0.0121 Inch, ('(10 it ii) Wide b\. (Iiii 1'. !nch

tarnlil t su hae, wichrai ontla res ec M (;mii in ) dJeep aren of verv large gra ins in sweiU CI #3 J

tenilfsormce whch nqleft as irftiected. The 5Pe ' erallov 147 A IIPSN. Figure IS) shoWs, a flake,-like-

iiiens were ailso elhamfered 0.005 inches (125 ,,, ni 45 atInclusion ah!out (1.11004" (111 li0) thiek ,id~ (1.002 1 (7(l jn)

,)n the eriges. One specimen of each rnAterial machined Witte locattedj (l.mIlol" (10 Urn) hielow the siri-ame. Thus is

pairallelI to the lnmayr axis was given a I kg Vicker's Indent - dJefect -% in Fig. 7. FireIShO tlslalc cft

itin ,ill 0110 511(5'imen of nactinmachined perSpenieicir to correlated Witt, all ultrasoici iridicatioll. aRl0i1"I ~I
the nmajor ax L5 was given m 501 kg Viker's indilattiull. With widje Bytll IltIB", 120 pm) depep area of large grain., W th'

thef quality of surfaes InvolIvedi (aill blillets hil origintally surface in l )-sirnll #I of Ni -132 MIlSN Isee' Fig. P for

lien machined with a 3120 grit (11iatnrt wheel) onlv the thte indlit'l l in). 4l (lefee I of iioiil tis slime si/li Was thc

SI0 Kg Vicker's could ht' re-*lved Idtrmminil ly largest one foundI at a frac I lre or igin lia ( co0ld ol't to

l-orrelaitel with ani ul*a[i ciaicl1 'hiyssgl

tha.t thiN silc difet maY noit hlilC a tij't ProtnIillI of
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Fig. 13 Fratn-P St -fmve of Cerpillo 147 A IfI'11N Fig. 24 Fracture Surface of (eralloy 147A ISN
Specimnen No. 6 Showing Frm'et~ire Origin iii Speeimen No.3 Showing Ultramoiefilly D~e-
I kg Vieker's Indentntion. tected Fracture Origin.



Fig. 15 Fraieture Saurfnne of Cernllov I 17A IIPSN igI. I16 I-rncltir Starfnar ,f N( 13? IIPISN Splivi N.
Speolanen No. 4 Showing UltrimsonfieflIv De- Showing Ut'Irmnsoruenllv I etmn'IedI I-w'Iire Origin.
tece' Frnotiare Origin.



A simple model for estimating discrimination

9" A sensitivity is to assume that the reflected pulse from a
M 125t defect is proportional to the percentage of the beam that

it intercepts. Using this assumption, surface damage
0.0006 inches (15 pm) deep would limit defect detection

N N with a 0.023 inch (580 mm) diameter beam to a semi-
circular crack 0.0043 inches (108 pm) deep. This

I SN 15- assumes that a 3 to I signal-to-noise ratio is required for
reliable detection. This situation can be improved byeither reducing the depth of the machining damage or

- N NC...I32NN the diameter of the beam. If the machining damage is
M reduced to a depth of 0.0002 inches (5 pm), the minimum

25, C-41A N detectable defect becomes 0.0025 inches (63 pm). If the
IN beam diameter is reduced to 0.005 inches (125 pm), a

A. I- J
t 12 16 n defect 0.0028 inches (70 pm) deep can be detected. If4IN 2N 31 both are done a defect 0.0016 inches (40 i m) deep can bedetected. Although the size of defects calculated may

M FhII KhEIMIOU Of ULTRASONICALLY ETECTEO not be accurate because of the simplified assumptions
SUACEDFECTS(IIILS/ICROIMETERS) used to calculate them, the numbers illustrate the orderof magnitude improvement that is possible.

Fig. 17 Flexural Strength as a Function of the Depth nf
Penetration of Ultrasonically Detected Surface
Defects.

CONCLUSIONS

Based on the experimental results, the following
conclusions can be drawn:

1. A very high frequency (VHF) immersion ultrasonic
9surface wave inspection technique has been

iN 125 successfully developed;

IN -2. The technique is capable of detecting small defects,

60.
K-132HPSN penetrating less than 0.001 inch (25 pm) deep in the

SO- C4 material;U C'147A NPSN

C'146NPSiC 3. A quantitative correlation has been shown between
£ 3l NIZ03ANPiC flexural strength and the depth of ultrasonically

N 25 detected strength controlling defects;

In 4. A qualitative correlation has been shown between
* p flexural strength and ultrasonically detected surface

LICIT NEAVY damage; and,
ULTRASONIC RESPONSE TO SURFACE MACNINING DMAGE 5. Sensitivity to individual strength controlling defects

is limited by the extent of the machining damage and
the ultrasonic beam diameter.

Fig. 18 Flexural Strength as a Function of Ultrasonically REFERENCES
Detected Surface Damage in HPSN and ItlSi('.

I)ISCUSSION 1. IDerkaes T., Matay, I.M. and Itrentnall, W.l).,
"Nondestructive Evaluation of ('eramics," Final

'rhe results indicate that, in general, a part may Report, Contract N00019-75-C-0238, Naval Ah'

have a general background of machining damage and also Systems Command, July 1976, TRW Internal Repor'.
individual larger defects. If an individual defect is large No. ER-7798-F.
enough to be strength limiting, then the inspection
technique must he capable of distinguishing it frum the 2. Derkaes, T., Malay, I.M., and Brentnall, W.D.,
baKckground caused by surface damage. A good example "Ultrasonic Inspection of Ceramies Containing Small
of such a defect is the I kg Vicker's indentation used in Flaws," Final Report, Contract N62269-76-C-0148,
this program. Although the I kg indentations could not Naval Air Development Center for Naval Air
be detected against the machining background, the Systems Command, August 1977, Internal Report
specimens containing these indentations were weaker No. ER-7867-F.
than the other speeimens cut parallel to the grinding di-
rection and in some cases were weaker than those cuIt 3. )erkans, T. and Malay, I. NJ., "l)etection of Surface
perpendicular to the grinding diretion. Therefore Flaws in (;as Turbine Ceramies," Final Report,
improved diserimination capability is needed to allow Contract N62239-C-0136, Naval Air Development
detection of the strength limiting defect. (enter for Naval Air Systems Command, June 1979,

Internal Report No. ER-798T)-F.
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NONDESTRUCTIVE EVALUATION TECHNIQUES FOR SILICCN CARBIDE HEAT-EXCHANGER TUBING*

D.S. Kupperman, W.D. Deininger, N.P. Lapinski, C. Sciarmrarella**, and D. Yuhas
5

Materials Science Division, Argonne National Laboratory
Arqonne, IL 60439

ABSTRACT

The adequacy of various nondestructive evaluation (NDF) techniques for inspecting silicon carbide
heat-exchanger tubing is discussed. These methods include conventional ultrasonics, acoustic mic'roscopy,
conventional and dye-enhanced radiography, holographic interferometry and infrared scanning techniques.
On the basis of current test results and an examination of the discussions in available literature, these
techniques were compared with respect to (a) effectiveness in detecting cracks, pitting, inclusions,
and voids, (b) effectiveness in characterizinq detected flaws, (c) adaptability to tube georretry,
(d) adaptability to in-service inspection, (e) reliability, and (f) extent of development required
for commercialization.

INTRODUCTION (MTC), are approximately 200 rii in length and 2- mm
in dia-ieter and have wall thicknesses ranging fro:

The production of reliable and long-lived 1 to 3 mm. The flaws sought were cracks, inclu-
structural ceramic components depend, on the de- sions, voids and free silicon. Several of the
velopment of effective nondestructive evaluation techniques are discussed below and copared for
(NDE) techniques. Since structural ceramics such effectiveness in detecting flaws.
as silicon carbide and silicon nitride have a
critical flaw size an order of magnitude smaller DYE-ENHANCED RADIOGRAPHY
than that of metals (e.g., on the order of 1011 im
for silicon carbide), NDE methods that are ade- The dye-enhanced radiographic method is based
quate for metals may not be appropriate for ceramic on the fill~nq of surface defects with a substance
materials. This paper describes an Arqonne Nation- that will absorb penetrating radiation more effect-
al Laboratory-Materials Science Division program ively than the base material. Thus, surface de-
to assess the effectiveness of various NDE methods fects, such as cracks and pitting, which are not
applicable to silicon carbide heat-exchanqer tubes, generally revealed by ordinary radiography may be-
develop promising techniques, and establish a come detectable when a dye is present. Dye e-
strateqy for tube inspection. The techniques cur- hancerent has been most succussfully used in con-
rently under evaluation include conventional ultra- junction with neutron radiography.

5  
However, -

sonic testing, dye-enhanced radiograph, acoustic radiography is a more convenient technique. For
microscopy, infrared scanning (IR), and holographic x-radiography, the most effective doping agent
interferometry. (The latter three techniques can found in the present investigatior was a solution
also measure elastic properties, thermal conduc- of silver nitrate and water (equal parts by
tivity and stress-intensity factors, respectively.) weight). Figure 1 shows the ratio ef risss ab-
Techniques previously evaluated but no lon(ger under sorption coefficients for silver nitrate and sili-
study in;clude acoustic impact testing, acoustic con nitride as a function of s-ray energy and wave-
emission and internal friction: These techniques, length. Silver nitrate absorbs x-rays approxi-
although useful for evaluating the overall quality mately 20 times more strongly than ,il icon w,. de;
of cor)onents, have not been found practical for the ratio for silver nitrate and silicon sarbide
detecting very small defects. Overload proof test- is similar. The absorption edge fir silver result,
inq has also been considered as an NDE method; how- in a peak in the ratio of riass absorption coef-

ever, this technique is very expensive and time- ficients at an energy of about 25 keV. The best
consuming and does not necessarily reproduce contrast for silicon carbide, was obtained at an
stresses encountered in the field environment, x-ray energy of about 50 keV. Tie results obtained
References 1-4 describe other techniques applicable with a CVD silicon carbide tube approximately 1 mw
to silicon carbide. thick, examined by radiography and i ,er c sietal-

lo(Iraphic seitroninq, are typir iI. The argest
The tube specimens investigated in the present crack (50 through the wol 1) found after secti,,.1i1ni

study were fabricated from siliconized, sintered was revealed by ordinary radiooraphv, but four
and chemical-vapor-deposited (CVD) silicon carbide, other crar~s were revealed only by dye-enhanced
(As will be shown later, the variation in micro- radiography. ince good photograpthi( reproductions,
stricture amonq these three types of silicon car- of these radioqraphs were not iotainaile, a ,ilar
bide affects the sensitivity of ultrasonic inspec- result obtained from a craned IleYrglass rod
tion techniqies. The tubes, obtained from (arbor- rayed ivith arid withit ,ilvr itrate penrttr rt is
undum, Norton and Materials lechnoloiiy Corporation shown in Fii. ?. lho x-ray with 'he doping agent

clearly shows numerous (:rae5 that are not nther-
wise visible.

*Work supported by the IJ.',. Department of I nerqy

"Illinois Institrute of Technolog, Chicago, I1 This techiique ha alo en ,used to r(eveal

60616 dents in hot-pressed ifi,on (arltidr bar,, For
example, a dent r i arid il0 r i airs, wi, nflt

Soriosran, Inc., Renienville, 1[ 6ll1l0 indicated in (onvtntioial radioraphs, howlv(r,

PTii)



when filled with the silver nitrate doping agent, tubing (sprayed with graphite to ensure uniform

it was clearly seen by radiography. emissivity) was heated at one end and simultaneous-
ly monitored with an IR camera to record tempera-

HOLOGRAPHIC INTERFEROMETRY ture distributions due to axial heat flow Com-
puter modeling was used to help interpret the re-

The specific objective of the holographic in- sults, and thermocouples were placed~on the sili-

terferometry effort is to assess the applicability con carbide tubes to establish the accuracy of

of this technique to the detection of cracks in quantitative IR scanning data.

ceramic heat-exchanger tubing. Figure 3 shows a

schematic representation of the optical system. 1. Computer Modeling - A solution of the heat-

Lens techniquei are utilized to facilitate the conduction equation was used in a model for axial

application of double-beam holography and to allow heat flow to aid in interpreting temperature-

for reconstruction with a less coherent source when distribution data in silicon carbide tubing.

a reduction of the speckle noise is needed. Assume the tubes are finite rods of length L, and
their initial temperature distribution is f(x).

1. Thermal Stress - The introduction of a tem- If there is no flow of heat at x 
= 
L, and the

perature oradient can produce very high stresses temperature (as a function of time) at x = 0 is

on a tube. Heat-exchanger tubes were subjected to 02 (t), the temperature distribution along the tube

thermal gradients by means of a linear heating is given by
u

element located in the center of the tube, pro-

ducing cracks. The outer-wall temperature was 2
measured with a thermistor. Discontinuities in 2 -t( 

+ ) )
n

the interference pattern, produced by the cracks, t = e

were observed in real time and photographed. Ex- t

amples are shown in Figs. 4 and 5. Figure 5 is rt 2

particularly interesting because although the saw-

cut crack is very shallow, the discontinuity pro- +C e n 2(t)d,

duced by the presence of the crack is clearly visi-

ble in the fringe system. +L n
+ f(x') coS(Pn'x' 5

2. Method for Obtaining the Stress-intensity

Factor from the Inteference Pattern - No rigorous n

solution exists for a stress-intensity factor

associated with a surface crack on a cylinder,

which is subjected to a 3-D state of stress. How- where n n (2n + I) /2L, = K/,c (thermal dif-

ever, an approximate solution may be derived as fusivity), v = Hp/cw, room temperature is taken

follows: If the v-displacement field is projected as the zero point, K is the-thermal conductivity,

on a plane tangent to the cylinder, the displace- p is the circumference, c is the specific heat,

ment field parallel to the tube axis is given by H is the coefficient of heat transfer, , is the
density, and w is the cross-sectional area of the

Kl  rod.
v (2 - 2%,) sin (1)

22 Assume the rod is initially at room tempera-

where r is the distance from the crack tip, K1  ture (therefore f(x) = 0 for all x), and after

is the stress-intensity factor, G is the shear immersion of the end of the tube in a water bath,

modulus, v is Poison's ratio, and A is the angle 02 (t) Tb (the bath temperature). Then for all

with the tube axis. From the holographic moire t 0, we get

pattern obtained by pressurizing the tube, we can

obtain the displacement and the distance from the 2

crack tip, and thus KI. For example, if the dis- T(x t) = 2 t(,d+ ? )
placement field is represented by Eq. 1, the fringe L n=On cos= rn

orders in the y-direction (perpendicular to the

crack plane) should very with ,r; consequently, )nt 2

in a log-log plot, the fringe orders should plot as + P n(_) (6)
straight lines with a slope of 0.5. By inserting . b

the appropriate values in Eq. 1, we obtain L f

v 
=

0.0243 ,'7 Kl x lO
-4  (2)

or After we evaluate the integral and simplify, the

K 9 x 10 4 
(3 temperature distribution becomes

n109 xl) 3
I 2 T b  :.. , ,I n(-l) 

n

From a given order in the hologram, r and v are T(x,t) --L-- n= -- cos(f nX)
determined and thus K1.

n0 n

INFRARED SCANNING n1 - t  +  n I (7)

This program evaluated the use of thermograph-
ic techniques to detect flaws and measure heat-

transport properties in silicon carbide hedt-

exchanger tubing. In these investigations, the Equation (7) is valid for all t 0 and for ull x
where 0 x L.
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Two computer programs were written to evaluate tivity of the NC430 tubing is 10. greater than that
(q. (7). The first one calculated temperature vs of KT. For tubes differing by this amount in ther-

position, along the rod as a function of time with vial conductivity, Eq. (7) predicts an average temn-
various values of the thermal constants , and . perature difference of 'C during heating. Thus,
The significant parameter was the therinal con- the data are in reasonable agreement with the
.tuctivity. As an example, when one end of the tube model prediction.
is at - 60'C, a 10'. variation in the thermal con-
ductivity results in a change in the tube tempera- Three thermocouples were attached to tube I to
ture (as a function of position) of up to 1.5"C oitain temperature-vs-time data at specific points
during heating and 0.8'C after equilibrium is along the tube. One thermocouple was attached to
reached at k, SO'C. The curves allow prediction of the top of the tube and the others 7.3 and 12.4 cu.
.'t, the difference in temperature between equiva- below the top using Hysol K20 conductive epoxy
lent points on two different rods. The other pro- cement. Quantitative measurement, made with the
gram calculated temperature vs time as a function iN camera were compared with the thermocouple data
of position along the rod for various thermal- as well as with the computer-model predictions to
conductivity values. Here again, with all other determine the adequacy of the IR camera in meas-
parameters unchanged, a 10' variation in the ther- uring temperature gradients. Figure 8 shows a plot
mal conductivitv resulted in a temperature varia- of .:T(,'X) for the top and middle thermocouples as a
tion of up to 1.5"C during heating and O.CC after function of time. There was fair agreement among
equilibrium was reached. The experimental data the computer-model predictions, the IR data, and
iay be compared directly with the calculated the thermocouple data for elapsed times of 60-250 s.
. irves. A cobination of the results allows the For exaiple, the value of '.T(..X), according to the
Drediction of ',T(,.x), the difference in tempera- thermocouples, is 3.8' C at 120 s. The IR data gave

tue between two points on the same rod, as a a value of 2.2'C and the computer model predicted
function of time. a value of 3.3'C. However, as shown in Fig. 8,

the IR scanning data show consistently smaller '.Is
2. Exrerimental Medsurements - Axial heat flow than the thermocouple and computer-modeling pre-
was examiine'J in samples of silicon carbide heat- dictions. This can be attributed to inaccuracies
exchanger tubing to determine whether flaws in the in reading the calibration curves and the isotherm
tubes could be detected and to compare the thermal marker scale. The deviations from the model predic-
properties of different tubes. The experimental tions for t , 60 s and t -, 250 s are probably due
apparatus is shown in Fig. 6. Water flows into to the inadequacy of approximating a hollow tube as
the basin and circulates freely to maintain a uni- a small-diameter rod and the difficulty in account-
form temperature. A Styrofoam block holds the ing for convective cooling (i.e., accurately de-
tubes iii an upright position, with one end of each termining H).
tube iimersed in the water bath to a depth of
3 cm. This allows simultaneous comparison of IINSPECTION OF SiC TUBES WITH AN ULTRASONIC BORE-

the temperature distributions produced by axial SIDE PROBE
heat flow in several tubes. Data were obtained by
making thenrorams with an AGA Thermovision 750 Efforts are underway to develop a bore-side
IR camera, which is capable of resolving temperature ultrasonic probe for silicon carbide tubes. The
differences of 0.2-C, and reading isotherm units conceptual design for the ultrasonic interrogation
from the color IR no-itor. When quantitative of straight tubes is shown in Fig. 9. A transducer
measurements were made using the isotherm controls, frequency higher than that conventionally used for

,i ther)ompter, with the mercury bulb sprayed with metal tubes is chosen in order that flaws as small
qrapn,'o. was heated with a heat gun to pr'ovide a as , 100 qm can be resolved. The transducer is
refere,', tmr~peratjre. Figure 7 shows a typical oriented parallel to the water-filled tube to
*hermonran 'inititIly in color) of the transient generate waves axially down the tube. An acoustic

!P,,pera'u,, titribution during axial heat flcw. mirror is placed below the probe to deflect the
Th e Ii'pre t colors can he related to the surface longitudinal beam to the wall fur detection of wall
',emr,'r ,. As .hown in Fig. 7, each tube had a thinning or delaminations. For crack detection,
[i iou. tvatino rate. Tliv temperature distribution the angle of incidence is adjusted so that longi-
in tithe 4, which was severely cracked oy thermal tudinal waves incident un the inner surface are
jp. ninq. differs marked I from that of tube 3, mode converted to shear waves traveling axially
wli(n was not aicled. (Before tube 4 was cracked, down the tube. The beam would have to be offset
1:' t-i ,eraturo distribution patterns in the two about 1 nii to generate circumferential shear wave.
tbes woe siilar. To examine the differential In all cases, a motor rotates the mirror so that a

heating of the tubes more thoroughly, a series of 360" scan can be iriade at each axial location. It is
thermograms were made with the tubes in different anticipated that the axial motion of the probe will
sequeon( s. It was found that the Norton NC43n le controlled by a microprocessor and stepping
tubes alwais conducted heat better than the Car- motor aid that data on signal amplitude versus po-
borunduim iuper KT tubes. To estimate the actual sition in the tube will be stored and displayed via

temperature differences between the tubes, ,T a computer. In Fig. I1), the resolution achievable
i" tobe), the scale on the left side of the thermo- by the scheme described above is shown for longi-
gram in Figl. 7 was divided into 10 i, )therm .teps, tudinal waves. Figure lOa shows the radio-frequen(y
each represented by a different color. The cali- inner-wall reflection and backwall echo seen when a
hration curve for isotherm units vs temperature is 20-rlllz, 1/l-in. -diameter probe is used from the
linear in the 30-50 C temperature region. This bore side with a 45 reflector. An "impulse"-type
implies that the color scale in the thermoqram initial pulse is used. With a "tuned" initial
covers a V"C temperature range. Analysis of Fig. 7 pulse (Fig. lob) and a different pulser-receiver
indicates that tne NC430 tubes are I l"C hotter used in the video-output mode, many more echos ian
at midheiqht than the VT tuhes. According to data le seen. The latter scheme may he more sensitive
supplied by the manufacturers, the thermal conduc- than the former for locating defects. The evalu-
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uation of these two systems is continuing. Defe t Confircid-iof- This ,ection Jl ,

the, localization, by destructive exaT1nation, Of
Flectric-discharge-machined reference notches defects indicated by acoustic microscopy tech-

were made in a sintered silicon carbide tube. niques. A piece of siliconized silicon carbide.
The tube was radiographed to confirm the notch tubing (SKT), 5 liii in diameter with a 3-rrmr wd}
size and depth, and was then interrogated ultra- thickness, serves as an example. A flaw indi-
sonically from the outside to estimate the sensiti- cation is evident in the acoustic micrograph LA
tivity of this inspection method. A :0-rihz, 6-ins- Fig. 15. Axial and radial radiographs of the
did transducer and Sonic MIark Ill pulser-receiver intact tube section showed no flaw indications,
were employed. The large notches (5) x 250 xi The tube was cut down in size until an axial-vie"
deep) were clearly evident in the video mode; the radiograph indicated a circumferential delami-
smaller notches (25(0 x 125 ;.m) could also be re- nation about 1 rin across (in akireement with the
solved, hut riot as readily. Searching for the acoustic-microqraph result) and approximately 0.3
notches from the OD is hampered by the curvature of mm below the surface. The sample was then ground
the tube, which results in a defocussing of the down circumferentially to determine the axial
beam as it paSSes through the wall. When the tube length of the defect. Figure 16 shows the result.
is in spected ultrasonically from the bore side, A delamination approxioately I 5 reri long was re-
however, the opposite occurs; the refraction tends vealed, again in agreement with the acoustic-
to focus the beam. microscopy result.

ACOUSTIC MICROSCOPY As a result of the initial success in us.ing
the acoustic microscope to detect natural flaws

1. ,ffect of flicrostructure - Several types of in silicon carbide tube sections, a stage was
,ili'on cdr-bide samples with different micro- developed to interface with tire Sorroscan acoustih
structures were interrogated, employing through- microscope so that a helical scan of a tube .ould
transrrission acoustic microscopy techniques. Hot- be made. This stage is currently being eval-
c'ressed, sintered, silicorized, and CVD samples uated.
were examined. The effect of the variation in
microstructure on the acoustic-microscopy results COMPARISON OF TEICNICU[S
is discussed below.

Clearly, there are many considerations in
Two types of siliconized tubes (Norton NC430 selectinn an NDE technique for silicon carbide

and Karborundum VT) were electrolytically etched in heat-exchanger tubes. One must consider the
the solution described in Ref. 7 to reveal the adaptability of the technique to the tube geo-
microstructural differences between them. Figure metry, rate of inspection, applicability to in-
Ila shows an etched sarple of CVO silicon carbide .ervice inspection, reliability, effectiveness
tubing supplied by MTC, with grains up to 50 .rrm in of flaw detection and characterization and the
size and some porosity. The KT material (Fig. llb) development required for coimmercial use of the
has small grains, with a maximum size of 20 xir. technique. Table I summarizes the results to
NC430 (Fig. llc) has a bimodal distribution of date of the present investigation, it) terms of
grain sizes, with a maximum size of - 100 r. The these criteria. Table II gives the estimated
light areas seen in both materials are free silicon, sensitivities of some of the methods under ideal
Figures 12a and b show optical microqraphs of laboratory conditions. Among the techniques
hot-pressed (Norton) and sintered (Carborundum) investigated, acoustic microscopy has been shown
silicon carbide samples, respectively. Pores (dark to be the most sensitive for detecting defects in
areas), generally less than 10 rim in size, are more silicon carbide tubing; this technique can also
prevalent in the sintered material, reveal the character of the defect. A surface

defect of 100 .m long and 50 .r deep in a silicon
Acoustic micrographs of two siliconized sili- carbide bar has been revealed by holographic

con carbide tube samples (NC430 and SKT) and one interferometry techniques, using a 4-point bend-
CVD sample are shown in Fig. 13. The NC430 oaterial ing fixture. The sensitivity of radiography has
(Fig. 13a) shows higher levels of acoustic noise been improved through the use of dye-erhancement
than the smaller-lrained SKT material (Fig. 13b), techniques. Infrared scanning has been shown to
despite the fact that the SKT sample is thicker be useful for detecting variations in heat-
(3 vs I im). The lines in the latter micrograph transport properties, and convertional ultrasonic
are curved because of the curvature of the sample. testing has been shown to be capable of detectiniq
The 1-rni-thick CVD specimen (Fig. 13c) has a higher reflectors on the order of 100 aor in si,(e using
acoustic noise level than either siliconized spec- frequencies of 20 Mhllz or possibly higher, which
imen. Figure 14 shows acoustic micrographs of a are well above the frequencies rnorinally used for
6-rm-thick bar of hot-pressed silicon carbide and a metal tubes. At this time, the three mot useful
l-mm-thick tube section of sintered silicon carbide. techniques for N I of silicon carbide tubes appear
Althouqh it is much thinner, the sintered specimen to be acoustic microscopy, conventional ultrasonic
(Fig. 14h) is acoustically much noisier than the testinq from the bore side, and dye-enhanced radio-
less porous hot-pressed specimen (Fig. 14a). How- graphy.
ever, the sintered specimen is less noisy than
either of the siliconized samples (Figs 13a arid b).
In summary, the hot-pressed SiC had the lowest level
of acoustic noise of any of the materials examined
and would be the easiest to inspect with through--
transmission acoustic microscopy techniques, fol-
lowed in increasing order of difficulty by the,
sintere'd, siliconized and CVD materials.
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Table If. Estimated Sensitivity of NDE Methods for Flaw Detection in Silicon Carbide Heat-exchanger
Tubing

Technique Smallest Anomalies Detectable

Acoustic Microscopy Flaws _ 100 ;im long

Holographic Interferometry Flaws 100 lim long (with lens techniques)

Dye-enhanced Radiography Surface flaws with depth = 0.5 ' t

Infrared Scanning 2' variation in thermal conductivity

Conventional UT Surface flaws 1 100 im deep

X-RAY ENERGY (KEV)

123 80 25 2 6

"J /T I I. .

ar 20-i

I c-- /z

o. 0,5 1.0 1.5 2.0

X-RAY WAVELENGTH (A)

Fig. 1. Ratio of Mass Absorption 
Coefficients for

Silver Nitrate and Silicon Nitride.

WITH DYE

Fig. 2. Cracked Plexiglass Rod Radiographed With-
out and With Dye Inhancement.
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Fig. 7. Thermogram of Silicon Carbide Heat-exchanger Tubes. Tubes 1, 6 and 7 are Norton NC430;
The others are Carborundum KT. Tube 4 was cracked by thermal quenching.
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Fig. 8. Plot of AT(AX) vs Time for Top and Middle Thermocouples, JR Data and Computer Model.
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3-mm 22 MHz
WALL TRANSDUCER
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SHEAR (AXIAL) 490

SHEAR (AXIAL) 450 WITH I-mm
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Fig. 9. ConcePtudl Design for Ultrasonic Bore-side
Inspection of Silicon Carbide Tubes.
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Fig. 14. Acoustic Micrograph of (u', [lot-pressed Fig. 15. Acoustic Micrograph of SKT Tubing
and (b) Sintered Silicon Carbide. Area Showing Flaw. Area shown is % 3 x 2 mmn.
shown is ~*3 x 2 mmn

Fig. 16. Destructive fxamination Results showing Defect Seen by Acoustic Micros opy in Fig. 15. Leng;th
of defect is 1 .5 [n.



(IiARACTLRIZArIJN (IF P[FECTS AND HLTEROGFNI ITIES IN SILICON NITRIPOLM ANL t:,('N CA±rFI[
BY 0[11If[RENI NDE Ml THOPS

K. Goebbels. Hi. Reiter
Fraunhofer-Institut fur: zerstoruingsfreie PrLufverfahren

D-6600U Saarbrucken 11, Germany

ARSTRACT

'he brittleness of ceramic materials like sil icon nitride and sil icon carbide makes it neces,, .ty
to fabricate hcomogeneous structures and to detect small defects in the region of 10 to 100 microns di'-
mevter. In the German program on NDE for the gas turbine therefore a study was iiade to comipare different
NVE rmet hodi and to develop new techniques. Tests were made ii th ultrasonics, microradiiciraphy v it'r~ti i
analysis, acoustic emission and optical -hol ogra rhical interferomietry on test sarq'l es and red, totn [onen s
ifthe gas turbine (rotor, stator, combustor). The results show that especially

- microradiography with projection technique and X-ray focus of -10 pm d ianeter.
- ultrasonics with different 1,id of transducers . equifinent and wave mordes in the frequency

range until about 150 MHZ

are well suited to detect the small dd(ects ind to ctarecterize structure heterogut il'.

- )ibrat ion analysis seeris to be a gcod fiilethod to compare viany sc-rfles of the amle k i nd
and to detect scatter of the fabrication process daita.

The coiparison between UT, vibration analysis, acoustic emission and destnictive ePsts (fracture,
strength) indicates that there are more or less correlations between NOE and the destrirtivi analysis.

INTRODUCTI Jtv, aiid the el attic piodilus [are Increasing. too.

W6 think that this should be onalysed further in,
TWO problems have to be sclved according to new ex jer imncrtal secrif,!. For the onot st ic ellii thor

the nondetructive evaluation of ceramics like ilie,5reiiiet (by Motonir-Itrbirr-Lnion, Mnich
Si iN.; and SIC for gas turbine components: cherec- no significant results. could be obtained. Addi-
ler1 Zat ion of materials structuif (i.e. descri[- t ional destructive test s toget her JiF t coust ic
ion of homogeneity, analysis of heterogeneities) omission eri ngy mie sureient! on SP RPN specimens

andt detect ion of smial lest detects (dimiensions with aind vit houi fnoop- indentedl miiini'racs d id

1 10 ;vii for surface regions, ? 10 ;m below the not show any tronislfo iresiults.
surface). Two methods privnari ly are suited to
solve these problems: high frequency ultrasonic Studies, vitt ot ical-hol cgro~hiccl inter-
waves and miicrofocus cad iog raphy. Both will be itis- ferorlct ry Iron homoPgeneou;s ind i rt holenecus

ss~ied in dfeta il below. ' cven,l other [iet hods were (I icrocrack s RRSN samples vere able In: di st '-
stu~died in the German Frogram, for thte NDt of ui sh betwieen the t yles of SF(i 1 irn,, 'In slit ott
ceramics. Frr' these the vibrati t on analysis ton, Appi lied Pay Technique. liner) bi' tihe Ot a-

( termimat ion of the rain resonance frequency) sonic and cad iograph ic dii cc tion aid 1 cation
seetis to he the best way to characterize by air of the defects were more effective /1/'.
integral wily a tot (if (omI-onents with the same
geomletry (e.tl. 'rb ice blades). In rig. I two
series, nf oine hiindru'f 4-point -bend ing-test speci -
riers MWBS wfi'rminaltyzed by 0t r,)on ic 1 ono it i- *

nal vI vit V mfci i y j "ea s utr'nt s a nd t he - so -
na nc freuency ri,-.reiO ananileter: 'T t Iwe

waveleniphs irn the ' I tii ' Ioaini. It is easily to *~.; e
see 'ha' for The seront per ips the faibrirat ionI *: '
p rocess res ulted in t--i (i ,mninr sitructuire I.
than for i he frt ii'0.(r1, f or t he f irst re
the meiasurements were (orf 1 I ted by shear was '-
velocity (%-' rivasi rirenis, density (") fieasi re-
refnts, and (r is tir emi ssion during the destructiv'
strm-rctt Ki)deterneinat ion (4-jiiint-bendinqI frr-
tore) . The come 1 at ion bet cfi r ese di atnt c-na -j
dlerivat ions is; shown in F iq. ?. Prvmthe tat'i 4if~

in a Tow with increasing fract urr ilreriqth shiows
the resuwlt to be enter' ed: there is no clear 10~
rorrel dl ion. But with furt her anal ys is oif these
(fat, -, linear regIression analysis Fonts oct that
with mnr rcasinq -t renlth 'he t nisson i-at iii I ant f q,. I t nnIti d)1mnalI wanve vol Icily ritd vibrat ion

heti waivelength of nfo ~nanfe vi brat ion T ire di - anl it o~ sf wi ,erip, (,f 1 -point -tend itc-
Creasing white the ijt ruiin in wiv! vol r( itieis v w etser imerl, trot' lilA



thin films of metallic (e.g. Au) and piezoelectric
(e.g. CdS) materials. Frequency and pulse width
are given by the electric excitation. Figure 6

0___________.-__._.____
-

__
-  

shows (left) more than 600 backwall echoes for

Sz... 90 MHz and the first backwall vcho followed by
three backwall echoes from a 3.5 mm thick HPSN

w.- bending test specimen (right) for 20 MHz.

..... .m .. i

Fig. 2 Analysis of 100 RBSN 4-point-bending-test
specimens with ultrasonic waves, vibration
analysis, acoustic emission in correlation Msz sheor woves ?OhS

to the fracture strength.

ULTRASONICS

Structure heterogeneities can be detected
with ultrasonic attenuation, scattering and velo-
city measurements. Because of the high accuracy of
velocity determinations - e.g. by pul se-echo-over-
lap techniques - they were used for the analysis
of many turbine components and samples of hot
pressed and reaction bonded silicon carbide and
silicon nitride /I/. In Fig. 3 two pictures are
reproduced from a HPSN disc with 36 nm thickness
and 136 mm diameter. In the outer region residual IOMHz lohiunol wcp '0,.
stresses could be detected with 5 MHz polarized
shear waves (Fig. 3 above): double refle-tion
arising for two directions of vibration (450 to Fig. 3 Detection of residual stresses (above) and
the radial direction) and vanishirg for the other inhomogeneity regions (below) with 5 MHz
two (radial and tangential) is a strong reference shear and 10 MHz longitudinal wave,.
to residual ,tresses in circumferential orienta- respectively in a disc cf HPSN.
tion. The quantitative stress determination needs
the knowledge of the elastic higher order ron-
stants 1 , m, n /2/. The inner region of the disc
shows a sharp boundary of change of density
(Fig. 3 below): three high damped backwall echofs
(10 MHz longitudinal waves) followed by 20 ls
without any echo and then many echoes created by , . ,,r ,,o ,
a sequence of mode conversion processes are ob
tained if the pulse-echo transducer position is
exactly on the boundary region.

Single defects generally are easier to detect
with high frequency ultrasonic waves /2,4/ than 10 Z
with low frequencies. In special cases low fre- I,..
quencies can he used, too. Figure 4 shows the , (H
detection of small saw cuts (width 150 i:m) of
different depths with 17 MHz shear waves. The 6 jim ,0
cut also can be resolved with the 300 pm weve-
length. In Fig. 5 natural surface defects in o -----

turbine blades are analysed with P MHz Rayleigh S ,
waves : the amplitude of the signal reflected at
the rotor rinq is a measure for the influence of
the defects on the wave propagation. For high
frequency ultrasonic waves (10 MHz to > 100 MHz) Fig. 4 Detection of 150 1'm width slots of

a new technique was adopted. recommended by Arnold different depths in RBSN with 17 MHz
/5/. LiTaO 3 single crystals (f) 1.5 g/cm

3
, shear waves

vL = 5.5 nrV:s, 5 mm diameter, 10 mm length)
excited with high frequency bursts (cf. Fig. 6)
can be used for a wide frequency region. The
piezorlectric crystals do not need any evaporated
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self by attenuation before it reaches the film.
Heterogeneities as well as single defects are
reproduced on the film. The exposure time depend-
ing on the kind of film and the sample thickness

lies between -l sec and >I hour. Density varia-
tions in HPSN and HPSC are shown in Fig. 8a and

Fig. 8b. The disc described in Fig. 3 is repro-
duced by microradiography in Fig. 9, showino

clearly the inner inhomogeneous zone. The slots
in RBSN (150 rm width) analysed with ultrasonic
waves in Fig. 4 are imaged in Fig. 10. The reso-
lution of the X-ray technique allows to see the

.....4-'21 pm slot. The smaller ones (17 and 6 pm deep)
11 Wcannot be resolved. Surface defects in original

turbine blades (Fig. 5 for ultrasonic waves) and
pores in an original stator are shown in Fig. Ila

and Fig. 1lb, respectively. Sae seeded defects
(inclusions of Fe and C) in HPSN and HPSC speci-
mens are imaged in Fig. 12.

Fig. 5 Detection of surface defects in turbine
blades with 8 MHz Rayleigh waves.

o.S~f,0,0 ,PS0 sptl.

a T .. .l

Fig. 7 Microfocus X-ray equipment with
projection technique

Fig. 6 High frequency ultrasonic waves from a
LiTaO -transducer (5 m diameter, 10 mm
length). Left: backwall echoes for 90 MHz.
Right: backwall echoes from 3.5 in thick
4-point-bending-test specimen of HPSN
(20 MHz).

MICRORADIOGRAPHY -U
Microfocus X-ray units enable the imaging of

greater sample areas (-25 x 25 mm'), for curved

shapes, too, with microscopic resolution (r 25 1,m).

the projection technique used (WARDRAY E12 Unit,

developed by the I)T Centre Harwell) is sketched

in Fig. 7. Electrostatic focussing of the electron
beam results in a z 15 pm dlamter X-ray focus

insif tit e tube. The specimen directly is attached
at the .indow (distance to the focal spot 0130 ram)while the film has a distance of several meters

(2 - 3) to the specimen. The X-rays (_f80 kV
Voltage, o 0.5 mA current) are propagating with a Fig. 8a Microradiography image of a HPSN
diverging beam of 18*. By separating the sample specimen with density variation
and film In projection radiography first a natural Irradiated thickness: 9.5 pp.
magnification of about x10 to x20 is achieved.

Secondly a very significant 'clean up' in the

m4croradiograph is effected because a very large

fraction of the secondary radiation dissipates it-
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Fig. 8b Microradiography image of a H1PSC Fig. Ila Surface defects in RBSN turbine ' 1adrs
specimen witt, density variatlon
Irradiated thickness: 4 rmm

Fig. lib Pores in a RBSN stator, diameter of
Fig. S Microradiograph of a 36 mmil thick HPSN the marked wire: .30 1ji

disc with density variaton

-AL
rig. 1? PMicroradiographs of sneded defects ir

Fig. I0 Detection of 350 jufl width slots of HPSN (Fe, 0) and -tPSC (Fe) (fromi left
different depths in 5 mr thick RBSN with to right). Sample thickness 3.5 ppi.
mirror ai ography. Greatest depth' 41? pjn.
lowest depth detected 21 prr cf. Fig. C~
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SUMMARY DISCUSSION
(K. Goobeels)

John Schuldies (Airresearch): Could you comment on why you think vibrational reson-
ance testing of a rod is better than just absolute velocity measurements?

Klaus Goebbels: It is better. I think only it is easy if you have several hundred
samples from the same propagation process from the same material out from the
beginning, and then you are making easy impact testing and measurements, and if
there are some samples that are lying cutside the scatter of most of the data,
I think that you can then take them away and conC:entrate further on the others.

John Schuldiest I guess the purpose of my comment was that you still got to make a
translation later on from the test bar to the real riece. If so, if you came
up with a means of velocity very accurately, you could immediately make that
transition to the actual piece and confirm that the properties of the test bar
are the same as the components that you are using. "hai was the reason for my
comment.
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ABSTRACT

Following a workshop held at the Rockwell International Science Center, Thousand Oaks, California in
January, 1979, an ad hoc planning activity was undertaken to set forth a program plan to address the
needs in NDE for adhesive bonded structures. The objectives of the planning activity were to develop a
program rationale and strategy, determine the existence of reasonable approaches, and to propose a de-
tailed plan of action for review at the annual DARPA/AF meeting in September, 1979. The plan encompas-
ses the basic elements of an accept/reject methodology based on fracture mechanics, expected develop-
ments of valid flaw growth models, stress analysis, and non-destructive measurement techniques. A cen-
tral issue is the prospect for determining a valid non-destructive measure of strength for the bonded
joint as might be reflected in the tendency for preexistent flaws to propagate under environmental
loads.

I. PROGRAM SCOPE AND STRATEGY defects such as cracks and inclusions, as well as
boundaryless defects such as uncured or moistured-

This program plan is directed toward methods softened adhesives. The interaction of these
of establishing the reliability of adhesive .bonds "extrinsic" or bounded flaws with the "intrinsic"
as may be employed in primary aircraft structures. material state is often a necessary consideration
Similar approaches may be inferred for fiber- in the use of failure models involving polymeric
reinforced resin matrix composites in particular materials.
instances where matrix-dominated failure modes and
delaminations are involved. The central strategy One of the more perplexing issues in the eval-
for the plan is based on the concept that the uation of bonded joint reliability is a determina-
structural design process for bonded joints must tion of the relative importance of the interface
be well-established and validated in order that between adherend and adhesive and the condition of
accept/reject decisions might be made from non- the adhesive itself. In recent years the designa-
destructive measurements information. The plan is tion "interphase" is often employed, since the
presented in the context of a decision methodol- transition from adherend to adhesive is frequently
ogy, characterized by a systems approach, which is a material combination of finite thickness, how-
expected to provide a useful framework regardless ever, ill-defined for analytical purposes. While
of the state of development of the various system some program suggestions for the assessment of the
elements. An essential prerequisite is the knowl- structural capability of the interphase in a mariu-
edge of primary failure initiating defects. factured joint might be made, it is most likely

that measurements and intepretation of failure in
A search of field repair information reveals this region will continue to be a doubtful under-

that a very high percentage of adhesive bond fail- taking. The structural reliability of the inter-
ures experienced on aircraft structures to date phase may be enhanced by the careful and complete
have been associated with local damage and intru- monitoring of prepared adherend surfaces and adhe-
sion of the environment (usually moisture). While sives before the joint is formed in the manufac-
the most experience has been gained on bonded alu- turing process.
minum honeycomb, secondary structure, it may be
reasonably assumed that damage and environmental An operational definition of strength for ad-
intrusion may occur at the edges of bonded panels hesive bonds is needed to provide a figure of
or more highly loaded primary structural joints, merit for non-destructive evaluation. At present
A note of caution which should be added on possi- no single strength characteristic may be uniquely
ble inferences from field experience concerns the defined. As an operational premise, however,
more recent developments in pre-bonding surface failure will be defined as that condition in which
preparations and their relationjhip to bond dura- the structure has lot its ability to support the
bility. Prior to the PABST b,7 program, limited required load. Failures, therefore, may occur due
information existed on newer surface treatments, to growth of cracks, and due to geometric instabi-
such as phosphoric acid anodization, which prom- lities. The growth of a crack (disbond) is pre-
ises vast improvements in durability. If future sumed to be the principal failure mechanism of
bonded joints incorporate these treatments, it is concern in adhesive bonded joints, and fracture
possible that the modes nf joint failure may dif- mechanics should provide material factors most
fer from those shown by prior field experience, likely to be rated as measures ot strength.
In any case, flaws are likely to occur from a
variety of sources and are likely to grow under As a point of initial departure, the summary
operational loads, statements from the ARPA/AFR. workshop held on

January 19, 1979, will be used. ',ix areas of
Defects. as considered in this plan, are as- investigation were listed as encompassing the

sumed to include a range of geometrical or bounded needed, and potentially fruitful, proqram
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activities leading to the goal of reliable ad- The methodology outlined in ig. 1 may ht JVO
hesive bonded structures. These areas wer, to examine the non-destructiv, evaluation rS

identified as follows: for adhesively bonded structures il' terms of
needed advances in measurement, anl, :s aid

1. Flaw growth models (plus nucleation). interpretation of extrinsic and ritrinsic flaws.
2. Stress and fracture analysis. As described thus far the process ha. no)t
3. Quality control for bond preparation. accounted for elements related to the insIection
4. Adhesive bulk property measurement process other than a need for quantifiedd nlatral

correlatable with strength. properties, loads and geometries. It was stat'i
5. Cure state monitor, earlier that fracture mechanils holds promise i,,
b. Development and refining of an integrated an approach for providing figures of Iierit for

methodology, accept/reject decisions. In the context of the
elements shown in Fig. 1. the application of

An attempt at providing a methodology as re- fracture mechanics Piay lead to a failure criterion
quired by item 6 above was made in the form of a based on flaw growth to a critical size. sinq
logic flow for a structural reliability system as for present discussion a viscoelastic analoq of
shown in Fig. I. the Griffith energy balance relationship, i.e.,

0 k V' ac ( )

. ,...... r where c  is the critical stress requird for crdLk
growth. E(t) is a time dependent modulus, ,lt) is
a time dependent cohesive fraLture ener,&', is d
crack length, and k is a geometricdl factor, w,

. . .... . . . . find that several of the necessary elements for
,... non-destructive evaluation are specified. Th,

material property E(t) representing the res onsp
and yc(t) representing the failure characteristics
indicated in Fig. 1 are incorpo -ated in the ex-
pression, as well as crack length which could h(

Fig. I Elements of a life prediction methodology the object of definition by non-destructive in-
for structural adhesives. spection methods. Both Ft) and yn(t) may be con-

sidered material properties which manifest the
The diagram shown in Fig. 1 is a simplified existence of intrinsic flaws as discussed edrlier,

schematic system showing the principal elements of as possibly related to poor cure or moisture
the structural design process. Central to the en- softening. While Eq. (1) may not be a suffici-
tire methodology is a stress analysis which ac- ently general or correct statefent of the condi-
cepts input in terms of part _eo_tr, environ- tions necessary for flaw growth, it is illustra-
mental loads and a quantitative description of the tive of the kind of relationship needed for this
materiaT _rerties which encompass those material study. Accepting for the moment that non-
c-a-act-ristics necessary to define the distribu- destructive investigation methods are available to
tion of stresses throughout the part. We define characterize the geometric flaw, the intrinsic
this set of material properties by the term property E(t) should be measurable as well since
response. A second set of properties of equal it reflects a small deformation response. Dielec-
importance in the strength anal is is referred to tric cure monitors are typical of the measurem-nts
simply as failure. A proprT nMtion of a fail- which provide information on the intrinsic state
ure "propertyvwould fit the requirement for an of a material, non-destructively. Unfortunately,
operational figure-of-merit for material strength. the determination of yc(t) requires a series of

destructive tests. Since, however, both F(t) and

The failure criteria as specified in the dia- Yclt) are apparently linked by the same physi(al
gram is i anal t-T-statement of exceedance in mechanisms which determine their time-dependent
which the intrinsic failure limit of a material is character, there is some hope that indirect
compared with the stress and strain requirements assessments of yc(t

- 
may be made from a knowledqe

generated by the stress analysis. A failure model of L(t).
is implied in which critical stresses and/or
strains are incorporated along with relevant ma- The discussion tc this point has been basrid
terial properties. entirely on a deterministic approach to failure

prediction. In any real case the hbomded Joint
The output of the strength analysis is pre- will contain distributed flaws, and oth material

sumed to be a structural maroin of safety (M.S.) properties and loads mst be interpreted by prOha-
and the life prediction is then based upon the hilistic considerations. Accept/reject deLision',
timewise projectV-ri -Fthe margin in zero. Life will be based on measurable conditions if (ra,
prediction assumes that the mode of failure is size. load history and material stat, all view(,l
known and has been incorporate-in--the--falure against a backdrop concerned with the probahility
criteria. Each structural part subjected to the of failure. The generation of a data ha-, on the
analysis is. expected to demonstrate particular distribution of naturally oicurrinq flaw, forms a

failure modes under the operating loads when the part of the program methodology.
capability of the structure is exceeded. Failure
may be the result of an overload or of degraded 11. llIffNI(:AIl N.' IN
material properties. Exaggerated loads are some-

times used to fail parts intentionally in order to This brief dis(ussion treats the (entral as-
more clearly define potential failure modes. This pects of reliability in adhesive bonded stri(ture
procedure is called overtesting. which are displayed in iiq. 1. In sai(h of thise,



areas considerable advances in design concepts and defining the engineering structural property of
property utilization are evident. One issue in adhesive interlayers using low cost test
any newly proposed program in reliability and life methods. A thick adherend single-lap shear test,
assessment of adhesive bonded structures is how to a rectangular butt joint tensile test, and a rec-
implement already available analytical tools. tangular scarf jpiyt test were selected and ana-
This section describes an approach to achieving lyzed by Renton.'I The stress-straii, properties
this important objective. of FM73 and FM4UU (NARMC( Div., Celenese Corp.)

structure adhesives were evaluoted using these
A. Background three test geometries. Based on limited data a

promising correlation between adhesive free film
Load transfer between the adherend and adhe- properties and thick adherend shear test data was

sive elements of a bonded structure is accom- shown.
plished by minute diffe ential displacements
between these elements.[1.21 Bonded joints cannot Studies by Clark and coworkers

i ) 
show that

be designed on the basis of a uniformly stressed the most prevalent critical bond line defects are
adhesive over the entire bonded area. In regions crack like voids, circular voids, and porosity,
of high stress, typically at the bond edges and in and that these voids can be detected by state-of-
the immediate vicinity of a damaged area the adhe- the-art NOE (non-destructive evaluation). Defects
sive may be loaded beyond its elastic yield stress not detected by state- c-the-art NOE such as weak
and display high damping and fracture energy due bonds due to surface contaminatio, and improper
to viscous flow processes. In regions of low adhesive cure state were excluded from study.
stress normally removed some distance from edges These studies show that flaw growth initiates in
and damage zones the adhesive layer is below its the regions of high stress concentration near bond
yield stress and displays a high elastic modulus edges and flaws and that this orowth can be detec-
and creep resistance with low damping. Figure 2a ted by available NDt methodology. Hot-humid envi-
shows a profile view of a long overlap shear joint ronments and low cyclic fatigue rate which lower
with plastic stress of higher magnitude at the the ddhesive elastic yield stress promote higher
bond edges and elastic stresses of lower magnitude flaw growth rates. This study also showed that
in the center region of the bond. Figure 2b shows regions of very thin bond line act to produce ad-
a short overlap shear joint in which the stresses hesive stress concentrations and sites of selec-
are essentially uniform due to high adherend tive crack initiation ind growth.
stiffness and uniform plastic shear stresses are
displayed by the adhesive interlayer over the en- The Primary Adhesive Bonded Structures Tech-
tire joint. The oversimplified stress profiles of nology Prvgram (PABST) was initiated by the Air
Fig. 2 ignore the cleavage (tension-compression) Force b,1' to demonstrate adhesive bonding in

stress distributions which are highly localized at highly loaded, primary aircraft structures. In
the bond edges and the stress distributions the PABST program the actual stress-strain re
through the thickness of the adhesive layer which sponse of the adhesive was represented by an
are known to strongly affect fatigue life of an elastic-plastic ide#lizition of the actual shear
adhesively bonded structure.(3, stress-strain curve 

,
b as shown in Fig. 3. lhe

idealized stress-strain response (dashed curve,

Fig. 3) describes the actual failure stress and
A r. strain of the adhesive and the same strain energy

F. _to failure which fixes the effective initial
- elastic modulus, as shown in Fig. 4 different ad-

hesives can show substantially different strength,
.. "extensibility and strain energy at room tempera-

ture due to differing curve structure and chemis-
try. At different temperatures, as shown in
Fig. 5, a ductile adhesive will display signifi-
cant changes in stress-strain response as will
also occur with changes in moisture content and
strain rate. The data summary of Table I shows
that two to three fold changes in ductile adhesive
strength and deformation properties are encoun-
tered over the service temperature range encoun-
tered in the PABST design and test program.

Fig. 2 Influence of lap length on bond stress
dlstr ution.

Recent studies ?f the structural properties of
adhesives by Renton 

) 
provide new recommendations Fig. 3 Elastic-plastic idealization of adhesive

for adhesive test specimens and procedures for shear stress-strain response.
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a b
Ca) Tension (mode i)

(b) In-plane shear (mode II)

______________(c) Oul-oi-plane shear Imode III)
a os ia i.

Fig. 4 Comparison between typical shear stress-
strain respones of brittle and ductile
structural adhesives. Peet

-Tension

- - Lap shear

Fig. 6 Schematic diagram of tension, lap shear,

and peel tests (lower view) and principal
fracture mechanics modes for crack propa-
gation analyses (upper view).

___________ _ sives are microscopically heterogeneous with even
,,* • "unmodified epoxy networks showing evidence of two

phase structure as evidenced by a modular fracture
Fig. 5 Typical effects of temperature on ductile surface. Fracture mechanics analysis is only re-

adhesive stress-strain response. cently becoming interested in the role of adhesive
morphology on fracture energy, fatigue life and

Table 1 structural reliability. The intrinsic scatter in
Typical Adhesive Properties Used, in PABST fatigue lifetimes may be dominantly influenced by

Bonded Joint Analysis '
5  

the samll scale micromorphology of the adhesive
phase which is known to dramatically influence

Temperature (*F) -50 70 140 fracture energy of adhesive joints.

Effective Shear
Modulus (psi) 80,000 70,000 40,000

Shear Strength -

(psi) 6,000 5,000 2,500

Yield Strain """',
(in/in) = (m/m) 0.075 0.071 0.063

Fracture Strain
(In/In) = (m/m) 0.50 1.00 1.50

As mentioned earlier, the failure of ductile
adhesives is localized at the regions of high
stress at bond edges and near defect regions.
Fracture mechanics recognizes and treats three
macroscopic modes of crack tip loading as shown in
the upper view of Fin. 6. These pure modes of
crack tip loading us.ually appear in combined form
in the usual fracture tests used to evaluate adhe-
sive bond strength as shown in the lower view of Fig. 7 Schematic diagram of crazing induced by
Fig. 6. applying tensile force to a polymer.

Crazes form at right angles to the direc-

Assuming an idealized fracture mode of load- tion of stress.
ing. the microscopic process by which adhesives
undergo failure may be highly heterogeneous as The statistical distribution of adhesive Joint
illustrated by the schematic diagram of crazing as strengths (failure load per ondjd area) has been
shown in the views of Fig. 7. Structural adhe shown in a number of studies H-9 to follow the



standard Weibull distribution function. The
Weibull function reflects an extreme value statis-
tic which attributes failure to a single critical I
defect. When adhesive bonded structures are de-
signed for high structural reliability the average
bond strength (Survival Probability = S 

= 
0.50) is

much less significant than the achieved strength
which correlates with high survival probability
0.99 • S 4 1.00. The important issues of adhesive I 'l .3 .E-S

and joint design for high reliability has recently
been reviewed by Kaelble1 0,i as part of a De- s$. ,i i -
fense Advanced Projects Agency/Air Force sponsored -_

program. Data presented in this review shows that ot

epoxy structural adhesives display Weibull distri-
butions for cohesive strength in free film form ZA... _,.that correlate closely with Weibull distributions :_ ';': J ! -i'-i
of lap shear strengths for epoxy structural adhe-

sives in metal-to-metal joints. The intrinsic L..
structural defects which initiate the cavitation . :- .
and crazing process shown in Fig. 7 become the
subject of materials and process optimization in a I

generic materials fracture properties study task. .

Joint strength and the distribution of joint :'- .:

strengths needs to be directly related to micro-
defect properties (size, structure, molecular .: , .
force character, etc.) and the intrinsic '
distribution of these properties. In other words,
the lack of a fundamental materials and process
related understanding and control of intrinsic Fig. 8 Chemical analysis.
craze zone initiators (see Fig. 7) will continue
to lower confidence in high reliability
performance of adhesive bonded structures. . . .. .

B. Approach : .':.-.-

1. Materials Characterization - 'I :T :. ._, * .. s
:E:;.r CZ .P Al * .-2:E I * ,'X , T

A minimum listing of important subject areas .T ,s X.,.- : .
for quantitative materials and process character- C* .- ::s - , : -

ization i ncludes: .UGE~ L:FE *..

1. Prepared surface quality assurance.
2. Interphase property measurement.
3. Adhesive chemical and rheological

characterization.
4. Bulk properties of adhesive in the joint.
5. Corrosion processes. ! E, I

Materials selection and process optimization • .ic, .,
-  " " :.':

which occurs in preliminary structural design -
makes extensive use of the above characteriza- .
tions. This type of quantitative information is .. : *.

only recently being utilized in the nondestructive
evaluation INDE) jnd life assessment of bonded
structures.110.1 Key detailed materials and
process characterization road maps are already
developed and available for material and process
characterization. Figure 8 presents a detailed " S3 2E A ' * . . .r"

flow chart and methodology for quantitative chem- . :E;.):.A,:,.:&s • . -
ical characterization of adhesives, coatings, and *

composite matrix materials based upon epoxy resin
chemistry. In Fig. 9 a detailed flow chart for '. ,
physical and mechanical response is presented.
The flow chart of Fig. 9 includes studies of Fig. Q Physical and mechanical analysis.
hydrothermal aging, failure surface analysis (low-
er section Fig. 9) which is combined with data 2. Loads Definition
from manufacturing simulation (upper section
Fig. 9). These data are combined in a data analy- During laboratory investigations of a researLh
sis (lower box Fig. 9) which draws upon available or development nature it is customary, if not man-
structure property relations to replace empirical datory, to deal with relatively simple loading
correlations with failure data defined by discrete situations. lefore embarking on a research effort
physical or chemical processes. such as is before us. it is important, however, to
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*:lassify the types of loads and their possible ef- failure estimate. Today all fracture and defor-
fects on bond (strength) performance. mation failures are based on concepts evaluated

within frameworks of solid mechanics analyses of
We distinguish two ingredierts in the descrip- varying degrees of refinement. The degrees of

tion of loads or forces acting on bond geometries: analysis sophistication is often a somewhat debat-
a spatial distribution of forces or tractions and able issue. Most often it is clear that a simple
their time his y. The simplest case arises in P-over-A analysis does not form a sufficient cri-
situations leading to what one refers to as r terion and an extremely refined fracture analysis
portional loadinq: this type of loading results with microstructu,.l material refinements at the
when the distribution of forces remains invariant crack tip would represent "over-kill." While it
in time but the magnitude of the forces or trac- has become obvious that a simple P-over-A analysis
tions vary. For example, the time-varying pres- is insufficient for design purposes, the question
surization of a fuselage would fall into this as to what constitutes sufficient analysis proce-
category. A special case results when constant dures is yet being debated. No doubt that ques-
loads are applied to a bonded structure. Most tion will be answered progressively and through
laboratory tests fall in this category. trial-and-error procedures in an engineering way.

Problems associated with Non- rec-tional We distinguish historically two types of ana-
loading are more difficult to deal with, both ana- lyses: those that deal with stress components
lytically and experimentally: applied force dis- averaged over the thickness of the bond, termed
tributions vary with time and must be reckoned for present purposes "thickness-averaged stress
within realistic use environments. An example of analyses," and those in which attention is paid to
this type of loading is given by a (bonded) shaft the detailed distribution that is resolved
that is first loaded in axial tension and then throughout the bond thickness. It is our opinion
subjected to twist. that only the latter type of analysis has promise

With regard to loading histories (under pro- of aiding in the formulation of a framework of
ortitnah ord nopropo a loading )e ounder d- predictive failure analysis. That this is so is

portional or nonih oniroainal loading) one dis- readily apparent when one inspects newly bonded
tinguishes monotonic loading (continuously in- test samples which have been loaded without induc-
creasing or decreasing loads with time-constant ing gross failure. Fractures are observed readily
loads as limit cases) and non-monotonic loads.The latter are either of a cyclic or of a purely in regions of stress concentrations which are

The attr ar eiher f acyclc o of puely clearly not identified by a thickness-averaged
random nature. Cyclic loads are relatively easily Analysis.
applied in most laboratory environments when they
are of the purely sinusoidal type but require less There are several high stress regions that
readily available equipment if arbitrarily varying figure prominently in a bonded joint: edges and
proportional loading histories Are required. Theproportionaliloading historiesaare required.wThe corners at adherend-to-adhesive interfaces develop
latter comprises the cases of random loading which high stresses due to material discontinuities.
are particularly difficult to deal with wheneverone s cofroted ithhistry-epenentmateial Within the assulinptions underlying linearly
one is confronted with history-dependent materil (visco)-elastic analyses, the stresses may become
behavior such as results with the use of polymeric unbounded at certain points. While the unbounded-
bonding agents. ness is a consequence of the linearity assumption

If and when our predictive capability of bond- and does not exist in reality, to ignore the loca-
ed joint behavior progresses to the point where we tion of these excessively high stress regions as
can predetermine failure behavior for arbitrary the thickness-avtraged analysis would do would be
load distributions and histories, such distinc- folly.
tions are not necesiry. However, in parallel to
the failure response of metal structures and mono- When failure proceeds by the propagation of
lithic polymer structures, we anticipate that we crack, the stresses at the tip of that crack are
shall lack this complete capability for more time again very high and, again within the framework of
to come; as a result we shall have to be continu- linearly (visco)-elastic stress analysis, their
ously aware of the possibility of different defor- character depends on whether the crack tip is lo-
mation and failure responses as a result of dif- cated at the interface or is embedded in the adhe-
ferent load histories. sive. Interface (or interphase) cracks exhibit an

oscillatory crack tip stress field that is not
So far, we have dealt here with applied mechan- supported by physical reasoning and is due to the

ical forces. It is equally important to consider linearization of the problem. At any rate, the
forces induced in bonded joints during exposure to domain in which this anomalous stress-field be-
varying environment. Normal dilation, either as a havior acts is so small that, from a practical
result of polymer-cure or of normal changes during point of view, it is most probably unimportant.
use; cure-shrinkage; and swelling due to weather
or other solvent infusion are factors that give Mcst practical bonded joints employ adhesive
rise to mechanical forces acting on the bond line. on a carrier or scrim cloth. The adhesive
To date little more than lip-service has been given interlayer is thus really a composite and

to the recognition of these facts, but we think inhomogeneous mateial, and it is not clear at thisthat the ifhre is here when the latter, seemingly tm ne hc icmtne hsfc.cnhtime under which circunstancrs this fact can he
less important factors in bond loading, are as-
sessed, particular attention being given to their
effect on the long-range performance of bonds. In connection with cracked bond lines a way of

structoral failure analysis has developed which we
3. Stress Analysis term, for lack of a better term, "thickness-

As for the performance analysis of any load- averaged fracture mechanics." We mention this
bearing structure, a stress and deformation ana- here because of the implication for the requisite
lysis is a necessary ingredient to a life and stress analysis. In this approach to the bond
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failure problef, the adhesive layer and its re- to the thickness of the bond; they may be useful
sponse is ignored. The attendant stress analysis in verifying the surface strain distribution in
is thus confined to adherends and the adhesive thin adherends. Other than that, one is bound to
layer merely serves as a guide fur the propagation rely on displacement measurements. These may be
of the crack. checked at particular points with various dis-

placement gages, or possibly in limited-regions,
In opposition to this simplification we must by optical interferometry or speckle interferom-

recognize that the stress fields in bonded joints etry. Verification of deformation in highly
have three-dimensional character. No more is this stressed domains promises to be very difficult in
obvious than when one observes the distinct fail- realistically dimensioned joints because the
ure patterns in laboratory specimens which arise regions in which they occur are so small.
from these three-dimensional stress fields. Such
facts not withstanding, one is most likely forced 4. Failure Modelling
to extract maximal information out of two-
dimensional analyses, be they of a closed form or We consider two basic types of structural
other analytical nature or derived from finite failure: (a) loss of ability of a structure to
element loads. carry an assigned load and (b) excessive deforma-

tion. The latter failure mode is analyzed and
In most engineering fields drawing on struc- predicted completely by a component stress analy-

tural or continuum stress analyses, there exists a sis (probably not a linear analysis) and we there-
body of information on characteristics of stress fore point out once more the need for advances in
distributions. Stress analysis of bonded joints our capability to successfully deal with deforma-
has been a stepchild of bond strength investiga- tion analyses of structural bonds. We shall not
tors, primarily because their background did not concern ourselves with this aspect of failure in
point up the need for an improved understanding of this section.
that aspect in joint failure prediction. As a
result we are, at present, short of a body of The loss of load carrying ability of a bond is
stress analysis results. It is not that we lack (apart from problems derived from extreme flow of
the capability; it is merely that that capability the adhesive) clearly tied to fracture. Therefore
has not beer exercised enough. No doubt that. an analysis of failure in bonded joints is almost
deficiency will be removed as time goes on. synonymous with the steady fracture progression in

a special class of structures.
It may be illustrative to relate experience in

this regard that comes from our early experience The problem of bond strength has been investi-
with engineering of solid propellant rocket gated for a long time. Most of that effort in the
motors. Analysis tools were being developed or past hs beep spent on developinng "better adhe-
were available as they are now. However, we sivet"%12-141 or studying the 4nterface prob-
learned that for certain configurations involving lem. 1

4 - 1
1) Less attention has been directed to-

high volume constraint, standard notions of stress wards the mechanics Ff the failure process in the
distributions were rather inadequate (for nearly bond-joint geometry. 18-20) Because of its prom-
incompressible solids). Bonded joints place simi- ise as an effective and efficient construction
larly high deformation constraints on the adhe- method and because of a basic lack of understand-
sive; the consequences of this are not explored ing of joint strength in spite of the extensive
nor understood. Recent results in failure studies chemistry related research, the mechanics aspects
simulating long-time endurance failure indicate of the problem are now being exercised more inten-
that such effects are important. In another in- sively. In that connection several basic problems
stance the common notion of what constitutes have been posed, none of which are resolved in a
"rigid" adherends relative to the adhesive has satisfactory manner though ongoing work is making
been questioned. strides towards practical solutions. Today, the

failure of bonded joints is approached largely
These isolated examples of deviations in throygh the problem of peel testing on the one

stress distribution from an apparently accepted han
d 2 1 

and through what we have referred to as
norm make us believe that attention needs to be thickness-averaged fracture mechanics on the
focused on this area. other. Peel is often associated with soft adhe-

sives and thickness-averaged fracture mechanics
A discussion of stress analyses and their ap- with rigid adhesives, although that distinction is

plication to bonded joint failure prediction would not systematically adhered to, since peel tests
not be complete without calling attention to the are also used to evaluate rigid adhesives.
need for stress analysis validation. Specifi-
cally, one is here concerned with examining in The two approaches differ primarily with re-
which respect, and by how much, any assumptions spect to the choice of the test geometry. Peel
underlying currently available analysis codes approaches the adhesion problem by specifying
(linearly elastic, elastic-plastic) violate or relatively thin adherends which undergo large
corroborate the physical situation. In particu- (elastic or elasto-plastic) deformations (see
lar, our visco-elastic stress analysis capability Fig. 10). Test resul's or analyses are concerned
is very limited and assumptions in this regard are with net forces acting on the adhesive system and
even more in need of checking than those already the reulting deformations with no or a minimum of
mentioned, attention paid to the detailed process in the ad-

hesive. Thickness-averaged fracture mechanics
Since stresses cannot be measured directly, deals primarily with (two-dimensional) plate or

any validation procedure must involve the compari- beamlike weometries, two pieces of plate being
,.on of a displacement field resulting from theory joined along a line by an adhesive layer (see
and experiment. Strain gages are, in general, of Fig. I). Since the adhesive layer is u,.ually
little usefulness because they are large compared thin compared to the thickness of the plates the
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that such indiscriminate use of bond strength test
results is potentially dangerous. In other words,

Fsince bonding is applied to structural adherends
of widely varying thicknesses neither the condi-
tions commensurate with peel nor thickness-
averaged fracture mechnanics prevail. It appears
mandatory therefore to examine the conditions that
lead to joint fracture in more detail than either
the peel mode or thickness-averaged fracture me-
chanics can portray.

In order not to mislead the reader, we should
mention here that mathematical analyses are being
made for layered elastic systems wherein one or
more layers contain cracks. Such problems are in-

Fig. 10 Peel test geometry tended to model the formation and propagation of
cracks in adhesive layers and thus the part of the
initial process of the adhesion failure. For ana-

- lytical reasons the geometries are simple and of
the type shown in Fig. 12. While these geometries
appear reasonable choices, they are not necessar-

adok ui ily based on observations preceding joint frac-
14 Cdc) tire. What concerns us is not so much the neces-

sary simplicity in the analytical modelling but

al I the prospect that this assumed simplicity preju-
dices the interpretatio-n--o-Fte fracture process
which interpretation should be derived from direct
observation preceding any modelling and analysis.

Fig. 11 Standard test geometry used for thick-
ness-averaged fracture mechanics.

thickness of the adhesive layer is deemed negligi-
ble, thus reducing the plate problem to the frac-
ture of a homogeneous plate containing a weak in-
ternal material plane. The problem is then fur-
ther analyzed by fracture mechanics concepts de-
veloped for homogeneous solids and defining aver-
age properties for the adhesive layers. While
this appears on first sight a very reasonable ap-
proach to a complicated problem, we shall see t,-n, r.;, d -:11,1
later that there are pitfalls inherent in this ap- -pen.sped J'r -

unLP' ndpn. cat r..
proach. Suffice it to say here that thickness- on h,,! m.!lpn,
averaged fracture mechanics makes certain fracture
parameters a function of bond thickness whereas in Fig. 12 Two-dimensional bond fracture
ordinary fracture mechanics such quantities are geometeries.
interpreted as material constants. This limita-
tion poses special difficulties in a technology Connected with this concern is the observation
where bond thickness variations are a fact of that virtually all information on the fracture
life, and where the variations may have to be process is derived from the post facto appearance
carefully measured post factor (by ultra- of the fractured joint. Reconstruction of the
sonics?). If time-dependent adhesive properties fracture process is thus often made ambiguous
must be considered, such parameters become rate- because the source of fracture surface features
or time-dependent quantities which, in the context are second-guessed. The need to intensify work on
of thickness-averaged fracture mechanics, would be fractographic studies is pointed out later.
functions of the bond line thickness also. Both
the approaches of peel and of thickness-averaged There does not exist to date a nearly compre-
fracture mechanics to bond fracture have in common hensive theory of bond fracture. However, once
that they neglect, by and large, the details of one decides that a quantitative account of the
the processes in the adhesive itself. Beyond this failure process is imperative for a predictive
similarity there has apparently not been estab- failure theory, one needs to cope with the fact
lished any quantitative relation between peel and that cracks exist in many shapes and forms and can
thickness-averaged fracture mechanics. In fact. respond in different ways, depending on the ap-
we are not aware of that question being raised. plied loads.
Instead we experience laboratory tests employing
either approach and application of the resulting Flaws or cracks may pre-exist in a bond as
data to design problems tnat involve geometries manufacturing defects or may develop under load-
somewhat intermediate to those characteristics of ing. Cracks located in the interior of a bond
peel and thickness-averaged fracture mechanics, area are less detrimental than those located near
Since the peel mode involves large deformations, edges or in stress singularities. Apparently in-
in particular much larger than those involved in terior flaws have little effect on the strength of
thickness-averaged fracture mechanics, it is clear a new or intact joint. This is so because by far



most of the load transfer in bond-parallel loading
is effected near the bond ends. The severity of
flaws in a structural integrity sense depends thus
on its location relative to the (current) bond
end. If cracks grow from the edge, an interior
flaw becomes thus more critical.

In principle the ideas of fracture mechanics
are equally applicable to bonded joints as they
are to monolithic structures. The differences
enter through the materials, in particular poly- 2 O.-.

mers, which are not part of a standard engineering
repertoire, and through difference in geometries.
The latter, especially through the ubiquitous
interface boundaries in joint geometries, compli- Fig. 15 Non-linear crack growth.
cate matters.

potential energy between the original and crack-

Some other features, not normally observed in extended geometry and the extension AC is maxi-
monolithic fractures, need to be pointed out. In mized to determine the orientation of the crack
terms of a standard test geometry, a smooth crack extension for a limit ac - 0. The crack is judged
front is expected as depicted in Fig. 13. How- to propagate when this maximal energy release rate
ever, it can be shown that in slow model tests a was just equal to the (constontQ intrinsic frac-
crack may not propagate with a smooth front. In- ture energy of the material.Q221

stead the crack front appears (in plain view) as
in Fig. 14. It appears thus that present test The interesting result of such a rather diffi-
methods, which are geared to relatively short-term cult energy analysis is that the much simpler ap-

data gathering, could easily (and probably will) proximate stress criterion gaye 5losely the same
misrepresent failure modes encountered under long- result: The stress criterion 

23  
asserts that

time loading. The interaction of the crack tip fracture occurs along that ray emanating from the
stress field with the bond interfaces gives rise crack tin normal to which the tensile stress at-

to changes in the crack path direction, especially tains a maximum value with respect to angular ori-
when coupled with non-proportional loading. For entation of the ray. Crack growth starts when the
example, depending on the loading on an adhesive stress intensity associated with this maximum

bond, a centrally located crack may grow to the stress reaches a critical value. As a result of
interface. An understanding of whether it stops this favorable comparison, an extension of the
or grows along the interface requires a fracture stress criterion for brittle fracture can be made
criterion that is more general than those devel- to crack extension under arbitrary loading. A key

oped for cracks propagating along their original development in that extension to fracture develop-
axis or in their original plane. ment in a three-dimensional on ext rested heavily

on the experimental findings that under a mode
!I1 (antiplane shear) loading a crack does not

_ _ ?propagate along its original plane but develops
crack extensions that spiral from one of the ini-
tial crack surfaces around the crack front to the
other crack surface in a somewhat helical path
(see Fig. 16). The resulting crack-extended
geometry is distinctly three-dimensional.

Fig. 13 Crack front in standard tetr

Fig. 14 "Finger" development at front of unbond
"Finger" spacing is very regular, shown Fig. 16 Cracks generated in antiplane shear.
approximately to scale.

It follows from the two-dimensional energy

The (two-dimensional) problem of crack exten- analysis results -- which compare well with care-
sion under loads such that the extension makes ful experiments -- and from the just-mentioned

some angle with the original crack has been solved findings in mode III failure, that the extension
for the homogeneous solid. Figure 15 shows the of cracks under general loading should not be ana-
geometry before (a) and after (b) crack extension lyzed by methods which assume the growth process
by a small amount Ac. The criterion for the to occur in the plane of the original crack.

critical load at which the crack extends as well
as the direction is based on an argument of max- We turn now to a discussion of phenomena in
imal energy release in the crack propagation pro- fracture modelling that are concerned with time
cess. fie ratio of difference in the (negative) dependence of the process.
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I) Time dependent fracture. The time elastic fracture and unbonding have been con-
dependence-o t fai ure process may have several sidered primarily in the context of steady crack-
causes. Among these the ing rates. From this viewpoint the rate of crack

growth is essentially a function of the instan-
a) Viscoelastic properties of the adhesive taneous stress intensity factor. Cracks and un-

certainly play a dominant role. While to date bonds are observed to start propagating with time
"rigid" adhesives are treated (almost?) invariably delay after load application. In some highly
as time independent, recent tests on typical (sup- crosslinked materials this delay can be interpre-
posedly rate-insensitive) adhesives have been ted simply as the time required to increase the
shown to exhibit a surprising amount of stress re- stress intensity to the point where the flaw
laxation (on te 9rder to 10 - 20%) within minutes growth accelerates to a measurable rate. On the
of test start. 2 In the same vein it is known other hand, the deformation and degradation of the
that bonds lose a significant amount of load- material at the crack tip is time dependent so
carrying ability in a few days' loading; this ob- that some of the delay is attributable to deforma-
servation points to significant viscoelastic in- tion without flaw growth. Similar phenomena must
fluence, too. For this reason it is necessary to occur under (transient) cyclic loading when the
characterize the viscoelastic behavior of any flaw grows, on the average, less than the length
adhesive. of the damage zone (long-time fatigue). We thus

face a question, the answer to which is important
b) Rate dependence influenced by phe, in structural life prediction: Is a substantial

geometry. It is a well-documented factl
2 b

) that portion of the structural life taken up by proc-
in peel experiments the path of fracture moves esses to get the flaw to a growth stage or is the
from a intra-adhesive location at high rates of life determined (almost entirely?) by its growth
failure propagation (low temperature) to an rate? The answer is vitally important in con-
(apparent?) interface failure at low rates of nection with fatigue of polymers. Resolution of
failure growth (high temperature). Beyond the that question requires experimental methods that
suggestion that intra-adhesive failure is the re- provide high resolution of the deformations at the
sult of void formation and coalescence (when un- front of a flaw.
crosslinked adhesives are used), which void forma-
tion does not occur in near-interface failure, d) Effect of moisture on time-dependent
this phr n(enon is not understood. Gent and fracture. The observation that cracks can propa-
Petrich2 

2
? even contend that cavitation may not gate slowly (10-

7 
to 10

-2 
mm/sec) in inorganic

be responsible for the change in failure mode. (silicate) glasses is often attributed to the in-
fluence of moisture. This influence is greatest

A plausible explanation of this phenomenon in in the highly stressed region around the tip of
connection with relatively rigid adhesives appears the flaw. We would expect that the same is true
to he related to a combination of non-linear where polymers are concerned, as long as they are
material behavior and the geometry. not totally inert to moisture. We know that mois-

ture ingression is a form of plasticization and
The high stresses at the tip of a crack or un- results in a shortening of the material relaxation

bond cause a local mechanical degradation. This times. Due to the highly dilated molecular struc-
irreversible damage occurs in a limited zone, say ture at the crack tip, the diffusion process
a typical dimension :. If the crack is embedded should be accelerated, and it is just in this cri-
in a solid with all geometric dimensions large tical domain where the creep behavior is acceler-
compared to ; we speak of small-scale damage (in ated by moisture. One would expect therefore, a
metals: small-scale yielding). For small-scale dominant effect of moisture on failure rates in
damage fracture characterization can be accom- some polymers; among these we count the epoxies
plished in terms of a single parameter, the stress and polyurethanes, polymers which are used struc-
intensity factor, say, without reference to the turally in large quantities.
size of : of the damage zone. This is so because
in a characterization test the geometry is taken e) Effect of temperature on fracture and
so that does not enter the considerations. As unbondin-TFor t rmorheologically simple eVs-
long as the critical stress intensity factor cri- rs above the glass transition temperature) it
teflon is applied to geometries in which : is is well established that the rate of failure prop-
small compared to all other dimensions, this par- agation and temperature are connected by the time-
ameter need not be considered, temperature super position scheme. This is true

with respect to both cohesive and adhesive fail-
In this connection we need to mention a phe- ure. While the sensitivity of viscoelastic relax-

nomenon observed in fatigue failures. When a bond ation to temperature changes decrases notably as a
is subjected to "small" cyclic loads (fatigue), polymer is cooled down through the glass transi-
fracture occurs along an interface; but when the tion temperature, there is every reason to believe
crack has grown to sufficiently large dimensions that a time-temperature superposition is valid in
so that "catastrophic" failure sets in, then crack rigid polymers (below the glass transition temper-
propagation occurs through the center of the bond ature). Problems may arise for filled polymers
(scrim area). What happens apparently is that (hard particulate fillpr, scrim cloth, "toughened"
during the (low level) fatigue loading, the zone with rubber particles) which are usually not
at the crack front is small enough not to play a thermorheologically simple.
significant role in the stress distribution. When
the load transmitted to the crack-tip in the finai We consider next in more detail phenomena
stages becomes large as catastrophic fracture ap- associated with crack geometries:
proaches, that is no longer the case.

?) Load Criterion for Fracture. It follows
c) Initial ropa ation and other transient from the JUcus~ n oTt eIuen& of tempera-

histories-o-T__ -- ,--rbT -Tn sco- ture on the time history of the fracture process

7 ?I



that temperature changes also induce stresses in a path depend on the relative strength of the inter-
composite structure. Often a temperature increase face adhesion and the cohesive strength of the
is used to model the speed-up of the viscoelastic adherend; what is the functional relation between
responses (accelerated testing). If this is done the three modes of deformation at fracture; is
it is also necessary to understand the effect of such a relation invariant under time-dependent
temperature on the mechanical state of stress. failure processes?
For "rigid" polymers this problem leads certainly
to dealing with polymer behavior near the glass The next question that needs to be considered
transition. relates to the fracture path. Fracture in bonded

joints is observed to occur along (or near) the
The (possibly) thermally induced stresses com- interface or in the adhesive. There is no docu-

bine with those due to mechanical loading. We mented criterion that relates the path of fracture
have discussed these already jointly in connection to the loads acting on a joint apart from the
with the stress analysis, general criterion that the crack follows a path

requiring minimum energy expenditure.

a) Mode interaction.* We shall consider next

the response of a crack or cracklike flaw in a In this connection it is pertinent to discuss
bonded joint or composite to mechanical loads, the problem of proper test data interpretqtion for
This we do initially without reference to time design applications. Suppose an adhesive layer
dependence. We first define some terminology: between two relatively rigid adherends is subjec-
With reference to Fig. 17, let point A lie on the ted to a general loading up to fracture initiation
smooth periphery of a planar crack and establish a in a geometry such as is shown in Fig. 18. This
Cartesian coordinate system with z tangent to the type of geometry is a standard way to evaluate the
periphery at point A and x contained in the plane strength of adhesion by thickness-averaged frac-
of the crack. With reference to this coordinate ture mechanics. Fractures appear (not necessarily
system we define the three primary modes of crack visible on the surface) such as indicated in
deformation, modes I, II and III in standard frac- Fig. 18 by solid lines without total failure of
ture terminology. These modes describe the rcla- the specimen. Upon further loading these cracks
tive motion of the upper and lower crack surfaces may join along the dotted lines in Fig. 18.
respectively parallel to the y, x and z direc- Generally, cracks open initially so that the newly
tiors. We speak of a mode-interaction problem if created fracture surfaces separate. However, as
the loading is such that fracture propagation re- the cracking process continues, a complicated
sults in the presence of more than one deformation fracture pattern may result.
mode.

Fig. 17 Local conrdinate system at crack front. Fig. 18 Fracture path and sequence in shear test.

In monolithic cracked structures the mode- b) Initiation. Opinions seem to diverge on
interaction problem has been considered recently the importance of initiation in the failure or
by several authors; a fairly comprehensive review cracking process. There are those who hold that a
of that problem is documented in Ref. 22. How- "properly designed" bonded joint should never de-
ever, in connection with bonded joints the motion velop a crack and others who claim that cracking
of a crack is inhibited by the proximity of the cannot be avoided at bond terminations and that
relatively rigid and infrangible adherends. One bond-life depends on suppression or retardation of
wili therefore have to re-examine the mode- continued growth through suitable bonding agents.
interaction problem for the bond problem. Speci- Apparently observations diverge on this point be-
fic questions arising in this context relate to: cause we do not understand sufficiently well the
the fracture path(s) as a function of the relative interaction of bond geometry, stress field and
magnitude of modes I, II and I1; how does this material properties.

*The definition of the interaction problem is often sloppy. When writers have in mind thickness-

averaged fracture mechanics only the deformation of the adherends in the bnnd-termination region is
considered. Therefore, motion of the adherends apart and normal to the bordline is interpreted as a
"crack opening" model (mode I). However, if we consider the detailed stress distribution around the
front of a disbond between adherend and adhesive, then the deformation under the same loading on the
adherends produces both mode I and II motions, the mode II being induced through Poisson coupling from
mode I.
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Of dominant concern in this regard are the gations. Such a program should comprise NOI of
high discontinuity stresses acting almost invari- bonded joints subjected to various load histories
ably at the bond termination. Some studies are and (etched) removal of the metal adherends for
available that deal with shaping the adherends examination of the fracture feature in the
near to bond termination (tapering) to minimize adhesive, probably a painstaking task.
these stresses. However, the interactions of such
geometric variables with bond material character- III. PROGRAM PLAN
istics such as nonlinear or "plastic" deformations
need to be explored. Standard fracture mechanics The program plan is described in the "roadmap"
principles do not apply for the initiation phase format common to Air Force planning documentation.
as long as a crack or disbond cannot be identi- This format allows the program content to be
fied. Only at the end of this initiation phase viewed in context, with interrelationships among
can this be done so that time dependent fracture the separate work units to be displayed against a
mechanics processes apply. It may be possible, time-line. Since there are programs currently
however, to explore the initiation problem through underway and in planning by the agencies, it is
energetics involving appearance of cracks or dis- particularly important to discover those which
bonds of discrete length or size. provide necessary or complementary activity to the

main thrust of this plan. These programs will be
5. Fractography. Fracture of homogeneous shown as well with their output contributing at

bodies involves-charcteristics of the fracture specific time periods in the plan. The most per-
surface features which allow often the reconstruc- tinent ongoing effort is indicated on the first
tion of the fracture process. These features have block of the roadmap entitled Fatigue Behavior or
been studied completely empirically and constitute Adhesive Bonds (Contractor: General Dynamics/Fort
an important body of information in fracture Worth). Each block on the roadmap diagram indi-
analysis. cates a logical work package with its own objec-

tive; however, combinations or further subdivision
Similar observations are in progress in the may be appropriate as the implementation of the

study of bonded joints, most of them presumably as plan proceeds. A work package description is in-
an adjunct in ongoing failure studies. It would cluded for each block on the roadmap, in which the
be advantageous, however, to structure a program objective, scope, approach and resource needs are
more systematically about fractographic questions, outlined. Finally, a funding summary by fiscal
in particular in connection with NDI type investi year is provided.
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